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SUMMARY
E xperim en ts  were c a r r i e d  o u t o f  s c r a t c h in g  s i l i c o n  s l i c e s  w ith  
n e a r  ( 111) o r i e n t a t i o n ,  in  <110> and <112> d i r e c t i o n s ,  by u s in g  two 
ty p e s  o f  diamond in d e n t e r s ,  a t  room te m p e ra tu re .  S c ra tc h e s  haYe 
been  i n v e s t i g a t e d  by o p t i c a l  and scan n in g  e l e c t r o n  m ic roscopy , and 
X -ray  topog raphy .
I t  i s  found t h a t  th e  appea rance  o f  th e  s c r a t c h  and th e  wide
<
r e s i d u a l  s t r a i n  f i e l d  d e te c te d  by d i f f r a c t i o n  c o n t r a s t  a r e  b o th  
a n i s o t r o p i c  w i th  r e s p e c t  to  d i r e c t i o n ,  b u t  i n  o p p o s i te  s e n s e s ;  
maximum c h ip p in g  and wear i s  a s s o c i a t e d  w i th  minimum w id th  o f  s t r a i n  
f i e l d  f o r  s c r a t c h e s  i n  o r  n e a r  [ 112] ,  [ 211] and [ 121] and v i c e  v e r s a  
f o r  [1 1 2 ] ,  [211] and [1 2 1 ] .  I t  i s  concluded  from a s tu d y  o f  th e  
to p o g ra p h ic  c o n t r a s t  in  d i f f e r e n t  r e f l e c t i o n s  t h a t  th e  lo n g - ra n g e  
f i e l d  o f  r e s i d u a l  e l a s t i c  s t r a i n  i s  in  p la n e  s t r a i n  co m p ress io n ,  and 
i s  a s s o c i a t e d  w i th  a system  o f  c ra c k s  observed  by o p t i c a l  m ic ro sco p y .
S c ra tc h e s  annea led  i n  the  range  o f  te m p e ra tu re s  (800°C- 12OO°(0 
were examined by X-ray topography . I t  i s  found t h a t  no d i s l o c a t i o n  
movement i s  d e t e c te d  i n  i n t r i n s i c  s i l i c o n  s l i c e s .  D i s l o c a t i o n  loops  
g e n e ra te d  from s c r a tc h e s  on th e  s u r f a c e  o f  s l i c e s  doped w i th  antim ony 
and ph o sp h o ru s .  The g r e a t e s t  e x t e n t  o f  g l i d e  o ccu rs  from th e  wide 
s t r a i n  f i e l d  o f  [ 112 ] s c r a tc h e s  and th e  l e a s t  from th e  narrow  s t r a i n  
f i e l d  o f  [112] s c r a t c h e s .  Complete lo o p s ,  and h a l f  loops  o f  60° 
d i s l o c a t i o n s  have B urgers  v e c to r s  ly in g  in  th e  p la n e  o f  th e  s l i c e  i n  
<110> d i r e c t i o n s  were s tu d ie d .  S l ip  l i n e s  have been o bse rved  a lo n g  
t r a c e s  o f  (111) p la n e s .  A new te c h n iq u e  has been deve loped  to  d e te rm in e  
th e  m i s o r i e n t a t i o n  an g le  from th e  (111) s u r f a c e .  A t h e o r e t i c a l  model 
o f  s t r e s s  r e l a x a t i o n  round a s c ra tc h ,  i s  d i s c u s s e d .  The r e s u l t s
i n d i c a t e  t h a t  th e  a c t i v a t i o n  energy  f o r  d i s l o c a t i o n  movement i s  
~ 0 .9 2  ev i n  th e  case  o f  th e  [112] s c r a t c h e s ,  and -  1 .28  ev f o r  
[110] s c r a t c h e s .  These f i g u r e s  ag ree  ro u g h ly  w i th  the  a c t i v a t i o n  
e n e r g i e s  deduced from experim en ts  i n  u n i a x i a l  t e n s io n  on c r y s t a l s  
o r i e n t a t e d  f o r  s i n g l e  and double  s l i p  r e s p e c t i v e l y .  Growth f e a t u r e s  
o f  m e t a l l i c  im p u r i ty  were examined by (SEM) and (EPMA) . R e s id u a l  
saw damage and c o n t r a s t  c e n t r e s  were observed  by X -ray  to p o g rap h y .
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CHAPTER 1 
INTRODUCTION
The aim o f  t h i s  i n t r o d u c t i o n  w hich i s  d iv id e d  i n t o  t h r e e  
s e c t i o n s  i s  t o  g iv e :
(1) A b r i e f  resume o f  b r i t t l e  f r a c t u r e  i n  s o l i d s  i n  r e l a t i o n  
to  th e  n u c l e a t i o n  and fo rm a t io n  o f  c r a c k s .
(2) A re v ie w  o f  s i l i c o n  c r y s t a l s  i n  te c h n o lo g y ,  in c lu d in g ,  
th e  p r o p e r t i e s ,  i m p u r i t i e s ,  e l e c t r i c a l  c o n d u c t iv i t y  
and th e  growing te c h n iq u e s  o f  s i l i c o n  s i n g l e  c r y s t a l s .
(3) A b r i e f  r e v ie w  o f  e x p e r im e n ta l  t e c h n iq u e s  used  i n  X -ray  
d i f f r a c t i o n  topography .
B r i t t l e  F r a c tu r e  i n  S o l id s  in  R e la t io n  to  th e  N u c le a t io n  and 
F orm ation  o f  Cracks
1 .1 .1  F r a c tu r e
The p io n e e r in g  work i n  th e  f i e l d  o f  f r a c t u r e  m echanics  s t a r t e d  
w i th  G r i f f i t h  (1920) ,  who c o n s id e re d  an i s o l a t e d  c r a c k  i n  a  s o l i d  
s u b je c t e d  to  an a p p l ie d  s t r e s s ,  and fo rm u la te d  a  c r i t e r i o n  f o r  i t s  
e x t e n s io n  i n  term s o f  th e  fundam ental energy  theorem s o f  c l a s s i c a l  
m echanics and thermodynamics (se e  b e lo w ) .  G r i f f i t h s  p r i n c i p l e s  
c o n s t i t u t e  th e  fo u n d a t io n  o f  p r e s e n t  day f r a c t u r e  m echan ic s .
Hayden, M o f fa t t  and W ulff (1965) d e f in e d  f r a c t u r e  a s  th e  
s e p a r a t i o n  o f  a body under s t r e s s  i n t o  two o r  more p a r t s .  The n a t u r e
o f  f r a c t u r e  d i f f e r s  w i th  m a t e r i a l s  and i s  o f t e n  a f f e c t e d  by th e  
n a t u r e  o f  th e  a p p l ie d  s t r e s s ,  g e o m e tr ic a l  f e a t u r e s  o f  th e  sam p les ,  
and c o n d i t io n s  o f  te m p e ra tu re  and s t r a i n  r a t e .  The d i f f e r i n g  
ty p e s  o f  f r a c t u r e  produced i n  d u c t i l e  and b r i t t l e  m a t e r i a l s ,  under 
a l t e r n a t i n g  s t r e s s  o r  a t  h ig h  te m p e ra tu r e s ,  a r i s e  from d i f f e r e n c e s  
i n  th e  modes o f  c ra c k  n u c l e a t i o n  and p ro p a g a t io n ,  which v a ry  f o r  
each  o f  th e s e  c o n d i t i o n s .  B r i t t l e  f r a c t u r e  o ccu rs  by th e  v e ry  r a p i d  
p r o p a g a t io n  o f  a c ra c k  a f t e r  l i t t l e  o r  no p l a s t i c  d e fo rm a t io n .  I n
c r y s t a l l i n e  m a t e r i a l s  b r i t t l e  f r a c t u r e  u s u a l l y  p ro cee d s  a lo n g
c h a r a c t e r i s t i c  c r y s t a l l o g r a p h i c  p la n e s  c a l l e d  c le a v a g e  p l a n e s .  These
a r e  u s u a l l y  th e  p la n e s  hav ing  th e  lo w es t  s u r f a c e  en e rg y .  A b r i t t l e  
f r a c t u r e  s u r f a c e  i n  a p o l y c r y s t a l l i n e  m a t e r i a l  has  a  g r a n u la r  ap p ea ran ce  
b eca u se  o f  th e  changes i n  o r i e n t a t i o n  o f  th e s e  c le a v a g e  p la n e s  from 
g r a i n  to  g r a i n .  B r i t t l e  f r a c t u r e  can p roceed  a lo n g  a g r a i n  boundary  
p a th  i n s t e a d  o f  a long  c leav ag e  p l a n e s .  T h is  i s  c a l l e d  1i n t e r g r a n u l a r *  
f r a c t u r e  and may be a t t r i b u t e d  to  e m b r i t t l i n g  f i lm s  which have s e g r e ­
g a te d  i n  th e  g r a in  b o u n d a r ie s .  In  e i t h e r  c a s e ,  b r i t t l e  f r a c t u r e  
o c c u rs  normal to  th e  maximum a p p l ie d  t e n s i l e  s t r e s s  component. D u c t i l e
f r a c t u r e  i s  a f r a c t u r e  o c c u r in g  a f t e r  e x t e n s iv e  p l a s t i c  d e fo rm a t io n  and 
i s  c h a r a c t e r i z e d  by slow c ra c k  p ro p a g a t io n  r e s u l t i n g  from th e  fo rm a t io n  
and c o a le s c e n c e  o f  v o id s .  Hayden e t  a l  (1965) d i s c u s s e d . h r i t t i e  
f r a c t u r e  which- o ccu rs  i n  c r y s t a l l i n e  m a t e r i a l s  which e x h i b i t  r a p id  
i n c r e a s e s  i n  t h e i r  y i e l d  s t r e n g t h s  w i th  d e c r e a s in g  te m p e ra tu re  and 
in c r e a s in g  s t r a i n  r a t e ,  f o r  exam ple, c e r t a i n  BCC m e ta ls  ( I r o n ,  Molyb­
denum and Tungsten) and c e r t a i n  I o n ic  S a l t s  (L iF , NaCl and KI) . I n  
th e s e  m a t e r i a l s ,  i n  which some d eg ree  o f  p l a s t i c  d e fo rm a t io n  p re c e d e s  
b r i t t l e  f r a c t u r e ,  th e  f r a c t u r e  u s u a l l y  r e s u l t s  from p r e - e x i s t i n g  c r a c k s ,
as  i n  amorphous m a t e r i a l s ,  and a l s o  from th e  fo rm a t io n  o f  m icro  
c ra c k s  d u r in g  s l i p  o r  tw in n in g .  The s t r e s s  c o n c e n t r a t i o n  a t  th e  
t i p  o f  a  newly formed m ic ro c rack  can be i n i t i a l l y  accommodated by 
p l a s t i c  d e fo rm a t io n .  I f  th e  y i e l d  s t r e s s  i s  s t r o n g ly  dependen t 
on s t r a i n  r a t e ,  th e  v e l o c i t y  o f  th e  c ra c k  i n c r e a s e s  to  th e  e x t e n t  
t h a t  p l a s t i c  d e fo rm a tio n  cannot accommodate th e  s t r e s s  c o n c e n t r a t i o n  
a t  th e  head o f  th e  c ra c k ,  and th e  c ra c k  sp re a d s  in  a  b r i t t l e  manner. 
In  s i n g l e  c r y s t a l s  which e x h i b i t  b r i t t l e  b e h a v io u r ,  f r a c t u r e  o cc u rs  
a lo n g  d e f i n i t e  c r y s t a l l o g r a p h i c  p la n e s  c a l l e d  c leav ag e  p l a n e s ;  i n  the. 
c a s e  o f  a diamond c r y s t a l  s t r u c t u r e ,  th e  c le a v a g e  p la n e s  a r e  {111} 
p l a n e s .  I n  p o l y c r y s t a l l i n e  m a t e r i a l s ,  f r a c t u r e  can p ro p a g a te  a long  
e i t h e r  c le a v a g e  p la n e s  o r  a long  g r a i n  b o u n d a r ie s .  A c ra c k  sp re a d s  
from one g r a in  to  a n o th e r  by n u c l e a t i n g  a new c ra c k  i n  an a d j o in in g  
g r a in ;  th e  two c ra c k s  th e n  j o i n  by a " t e a r i n g  a c t io n ” * which p ro d u ces  
s t e p s  i n  th e  f r a c t u r e  s u r f a c e  n e a r  th e  g r a i n  boundary . I n  p o ly c ry ­
s t a l l i n e  m a t e r i a l s  c o n ta in in g  g r a in  boundary  s e g r e g a t e s ,  f r a c t u r e  
i s  u s u a l l y  i n t e r g r a n u l a r . T h is  mode o f  f r a c t u r e  has  been  o b se rv ed  
i n  tu n g s te n  and molybdenum a l lo y s  c o n ta in in g  oxygen, ca rb o n ,  o r  
n i t r o g e n ;  copper c o n ta in in g  b ism uth  o r  an tim ony , and i r o n  c o n ta in in g  
p h o sp h o ru s .
A ccord ing  to  Rosenberg (1975) b r i t t l e  f r a c t u r e  i s  always- 
a s s o c i a t e d  w i th  th e  e x i s t e n c e  o r  th e  fo rm a t io n  o f  c ra c k s  e i t h e r  on 
th e  s u r f a c e  o f  th e  m a t e r i a l  o r  i n s id e  i t .  The s t r e s s  a t  th e  t i p  o f  
a c ra c k  i s  much h ig h e r  th an  th e  av e ra g e  s t r e s s  w i th i n  th e  m a t e r i a l
* For more d e t a i l s  see  Hayden, M o f fa t t  and W ulff 0 -9 6 5 ) .
and so t h e r e  w i l l  be a tendency  f o r  y i e l d i n g  to  occu r  a t  th e  t i p  
i n  o r d e r  to  r e l i e v e  th e  s t r e s s .  T h is  can be done i n  two ways: (a) 
p l a s t i c  d e fo rm a tio n  can o c c u r ;  t h i s  work h a rd e n s  t h e  m a t e r i a l  a t  t h e  
t i p  o f  th e  c ra c k  and so f u r t h e r  y i e l d i n g  a t  t h a t  p o in t  cannot, ta k e  
p la c e  o r  (b) under s u i t a b l e  c o n d i t io n s  th e  c ra c k  can open up and 
ru n  r a p i d l y  r i g h t  th rough  th e  sample th e re b y  c a u s in g  b r i t t l e  f r a c t u r e  
w i th o u t  p r i o r  d e fo rm a tio n  o r  w arn in g .  •
The c ra c k s  which i n i t i a t e  b r i t t l e  f r a c t u r e  can be formed i n  
a  number o f  ways: f o r  in s ta n c e  d u r in g  th e  p r o d u c t io n  o f  th e  m a t e r i a l  
a s ,  f o r  exam ple, on th e  s u r f a c e  o f  g l a s s ,  o r  th e y  may be p roduced  
by sm a l l  i n c lu s io n s  a s ,  f o r  exam ple, g r a p h i t e  f l a k e s  i n  c a s t  i r o n ;  
th e y  can occu r  a t  weak s p o ts  i n  th e  i n t e r c r y s t a l l i t e  b o u n d a r ie s  o f  
p o l y c r y s t a l s ,  o r  i n  a n o th e r  way, th e y  may be formed by d i s l o c a t i o n  
i n t e r a c t i o n s  i n  th e  c r y s t a l .
Lawn and Wilshaw (1975a) r e p o r te d  t h a t  most m a t e r i a l s  show' a 
tendency  to  f r a c t u r e  when s t r e s s e d  beyond some c r i t i c a l  l e v e l .  T h is  
f a c t  was a p p r e c ia t e d  w e l l  enough by th e  e a r l i e s t  w orkers  i n  th e  f i e l d ,  
and to  them i t  must have seemed p e r f e c t l y  r e a s o n a b le  t o  suppose  t h e  
f r a c t u r e  s t r e n g t h  to  be an in h e r e n t  m a t e r i a l  p r o p e r ty .  The f r a c t u r e  
s t r e n g t h  o f  a g iv e n  m a te r i a l  was n o t ,  i n  g e n e r a l ,  h ig h ly  r e p r o d u c i b l e ,  
f l u c t u a t i n g  i n  some c a se s  by as  much as  an o rd e r  o f  m a g n itu d e .  Changes 
i n  t e s t  c o n d i t i o n s ,  eg .  te m p e ra tu re ,  chem ica l en v iro n m en t,  lo a d  r a t e ,  
e t c . ,  l e d  to  f u r t h e r ,  s y s te m a t ic  v a r i a t i o n s  i n  s t r e n g t h  v a l u e s .  More­
o v e r ,  d i f f e r e n t  m a te r i a l  ty p e s  appea red  to  f r a c t u r e  i n  r a d i c a l l y  d i f ­
f e r e n t  ways: f o r  i n s t a n c e ,  g la s s  behaved e l a s t i c a l l y  up to  th e  c r i t i c a l  
p o i n t ,  t h e r e  to  f a i l  sudden ly  under th e  a c t i o n  o f  a t e n s i l e  s t r e s s
component, w h i le  many m e t a l l i c  s o l i d s  deformed e x t e n s i v e l y  by 
p l a s t i c  f low  p r i o r  to  r u p tu r e  under s h e a r .  The e x i s t i n g  t h e o r i e s  
were s im ply  in c a p a b le  o f  a c c o u n tin g  f o r  such  d i v e r s i t y  i n  f r a c t u r e  
b e h a v io u r .
1 .1 .2  G r i f f i t h  Theory
Hayden, M o f fa t t  and W ulff (1965); Lawn and Wilshaw (1975a) 
found t h a t  th e  f i r s t  e x p l a n a t io n  g iven  f o r  th e  d i s c r e p a n c y  betw een 
th e  t h e o r e t i c a l  s t r e n g t h  and a c t u a l  f r a c t u r e  s t r e n g th ,  i n  c o m p le te ly  
b r i t t l e  m a t e r i a l s  was o f f e r e d  by G r i f f i t h  (1 9 2 0 )s who assumed t h a t  
i n  a b r i t t l e  m a t e r i a l ,  t h e r e  a r e  many f in e ,  e l l i p t i c a l  c ra c k s  as  
shown i n  F ig .  1 .1  and t h a t  a t  th e  t i p  o f  su ch  c ra c k s  t h e r e  i s  a 
s t r o n g  c o n c e n t r a t i o n  o f  s t r e s s .  The h ig h e s t  s t r e s s  a t  th e  t i p  o f  
such an e l l i p t i c a l  c ra c k  can be e x p re s se d  as
om * 2ogM  (1.1)m p
where o i s  th e  maximum s t r e s s  a t  th e  t i p  o f  th e  c r a c k ,  c i s  h a l f  m 7
th e  l e n g th  o f  an i n t e r i o r  c ra c k  o r  th e  l e n g th  o f  a  s u r f a c e  c r a c k ,  
p i s  th e  r a d iu s  o f  c u rv a tu r e  a t  th e  end o f  th e  m a jo r  a x i s ,  and 
a  i s  th e  a p p l ie d  t e n s i l e  s t r e s s  normal to  th e  c r a c k .  W ith such  
a  s t r e s s  c o n c e n t r a t i o n ,  th e  t h e o r e t i c a l  c o h es iv e  s t r e n g t h  can be 
o b ta in e d  a t  t h i s  lo c a l i z e d  a r e a  when th e  body o f  th e  m a t e r i a l  i s  
under  a f a i r l y  low a p p l ie d  t e n s i l e  s t r e s s .  When a c ra c k  b e g in s  
p r o p a g a t in g ,  e l a s t i c  energy  i s  r e l e a s e d .  However, a c e r t a i n  
amount o f  ene rgy  i s  g a in e d .a s  s u r f a c e  en e rg y  due to  th e  c r e a t i o n  
o f  new c ra c k  s u r f a c e  a r e a .  The e l a s t i c  s t r a i n  e n e rg y  p e r  u n i t
t h i c k n e s s  r e l e a s e d  by the  sp re a d in g  o f  a c ra c k  i n  a t h i n  p l a t e  i s  
g iv e n  by .
UE= - ^  (1.2)
and th e  s u r f a c e  energy  ga ined  by th e  c r e a t i o n  o f  th e  c ra c k  i s
Us = 4cy (1 .3 )
where E i s  th e  Young’ s modulus, y i s  th e  f r e e  s u r f a c e  e n e rg y  p e r  
u n i t  a r e a .  The t o t a l  system  ene rgy  f o r  th e  p la n e  s t r e s s  i s
u = UE + Us
i e .  U = -  + 4cy (1 .4 )
The c ra c k  w i l l  p ro p a g a te  and p roduce b r i t t l e  f r a c t u r e  when an i n c r e ­
m e n ta l  i n c r e a s e  i n  i t s  l e n g th  e i t h e r  d e c re a s e s  o r  does n o t  change th e  
n e t  ene rgy  o f  one system  i s
3U _ 8(UE+V  _ 2irca2 , _ ( .
 3c------------ - - g —  + 4y = 0
th e r e f o r e  a  = ( - ^ ^ ) 5 (1 .6 )
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The a n a l y s i s  by G r i f f i t h  a p p l i e s  to  a c ra c k  i n  a t h i n  p l a t e  un d er  
p la n e  s t r e s s .  I n  e q u a t io n  ( 1 .6 ) ,  th e  s t r e s s  n e c e s s a r y  to  cause  
b r i t t l e  f r a c t u r e  v a r i e s  i n v e r s e l y  w i th  th e  l e n g th  o f  e x i s t i n g  c r a c k s .  
Hence th e  t e n s i l e  s t r e n g t h  o f  a c o m p le te ly  b r i t t l e  m a t e r i a l  i s
d e te rm in e d  by th e  le n g th  o f  th e  l a r g e s t  c ra c k  e x i s t i n g  p r i o r  to  
lo a d in g .  The r e l a t i v e l y  low s t r e n g t h  o f . g l a s s  i s  caused  by th e  
e x i s t e n c e  o f  s u r f a c e  c ra c k s  abou t one to  two m icrons  i n  l e n g th .
A ccord ing  to  Lawn and Wilshaw (1975a) th e  o r i g i n a l  G r i f f i t h  
e q u a t io n  must be m od if ied  by a sm all  c o r r e c t i o n  b ased  on P o i s s o n Ts 
r a t i o  i n  such b eh a v io u r  as  an o b la te  s p h e r o id e l  c ra c k  i n  a volume 
o f  m a t e r i a l .  R efe ren ce  to  e q u a t io n  (1 .2 )  i n d i c a t e s  t h a t  th e  
c o r re s p o n d in g  r e s u l t  f o r  p la n e  s t r a i n  may be o b ta in e d  s im ply  by 
r e p l a c i n g  E by E / l - v 2 . Where v i s  th e  P o i s s o n ’ s r a t i o .  The e l a s t i c  
s t r a i n  ene rgy  p e r  u n i t  th ic k n e s s  r e l e a s e d  by th e  s p re a d in g  o f  a 
c ra c k  i n  a  t h i c k  p l a t e  i s  g iven  by
tt( .1 - v 2 ) c 2 c 2 /E
The G r i f f i t h  th e o ry  a p p l i e s  o n ly  to  c o m p le te ly  b r i t t l e  s o l i d s .  
G r i f f i t h  p re p a re d  g l a s s  f r a c t u r e  specim ens from t h i n  round tu b e s  and 
s p h e r i c a l  b u l b s . Cracks o f  le n g th  4-23 mm were in t ro d u c e d  w ith , a 
g l a s s  c u t t e r  and th e  specim ens an n ea led  p r i o r  to  t e s t i n g .  The h o l lo w  
tu b e s  and b u lb s  were th e n  b u r s t  by pumping i n  a f l u i d ,  and th e  c r i t i c a l  
s t r e s s e s  de te rm ined  from th e  i n t e r n a l  f l u i d  p r e s s u r e .  The s t r e s s  com­
p o n en t normal to  th e  c ra c k  p la n e  was found to  be im p o r ta n t  as  p r e d i c t e d .  
The a p p l i c a t i o n  o f  end lo a d s  to  tu b e s  c o n ta in in g  l o n g i t u d i n a l  c ra c k s  
had no d e t e c t a b l e  e f f e c t  on th e  c r i t i c a l  c o n d i t i o n s ,
1 . 1 .3  G r i f f i t h  Flaws
G r i f f i t h  (1920) c o n s id e re d  E/10 to  be an e s t im a te  o f  a r e a s o n a b l e
o rd e r  o f  m agnitude f o r  th e  t h e o r e t i c a l  s t r e n g t h ,  where E i s  th e  
e l a s t i c  modulus o f  a s o l i d .  He c o n s u l te d  th e  l i t e r a t u r e  f o r  v a lu e s  
o f  t h e  i n t r i n s i c  p r e s s u r e  o f  s o l i d s  as  de te rm ined  from th e  h e a t  o f  
v a p o r i z a t i o n  o r  e q u a t io n  o f  s t a t e .  S ince  b o th  th e  t h e o r e t i c a l  
s t r e n g t h  and i n t r i n s i c  p r e s s u r e  e s s e n t i a l l y  measure th e  m o le c u la r  
c o h e s io n ,  t h e i r  m agnitudes  shou ld  be com parab le ,  a t  l e a s t  f o r  n e a r l y  
i s o t r o p i c  s o l i d s .  T h is  was found to  be th e  c a s e .  G r i f f i t h  th u s  
i n f e r r e d  t h a t  th e  t h e o r e t i c a l  s t r e n g t h  shou ld  be a m a t e r i a l  c o n s t a n t ,  
c l o s e d  r e l a t e d  to  th e  energy  o f  th e  co h e s iv e  bonds, with, a v a lu e  
c l o s e  to  one t e n t h  o f  th e  e l a s t i c  modulus f o r  a l l  s o l i d s .  L a t e r  on 
G r i f f i t h  found th e  f a c t  t h a t  th e  s t r e n g t h s  o f  ’ I d e a l  S o l i d s ! f e l l  
w e l l  s h o r t  o f  t h i s  l e v e l  t y p i c a l l y  by two o rd e r s  o f  m a g n itu d e ,  d e s p i t e  
g r e a t  c a re  i n  m a in ta in in g  specimen p e r f e c t i o n  on an o p t i c a l  s c a l e .
I f  a s o l i d  were to  f a i l  a t  i t s  t h e o r e t i c a l  s t r e n g t h ,  th e  a p p l i e d  s t r e s s  
would r e a c h  a maximum a t  r u p t u r e ,  im ply ing  a zero  e l a s t i c  modulus a t  
t h i s  p o i n t :  a t  such a r u p tu r e  p o i n t ,  a sudden r e l e a s e  o f  s t o r e d  e l a s t i c  
s t r a i n  en e rg y ,  e q u iv a le n t  a p p ro x im a te ly  to  th e  h e a t  o f  v a p o r i z a t i o n ,  
would be ex p ec ted  to  m a n i f e s t  i t s e l f  as  an e x p lo s iv e  s e p a r a t i o n  o f  
th e  c o n s t i t u e n t  a tom s. I d e a l  S o l id s  behaved d i f f e r e n t l y ,  p a r t i n g  
i n s t e a d  w ith  r e l a t i v e l y  l i t t l e  k i n e t i c  en e rg y  on a more o r  l e s s  w e l l  
d e f in e d  p la n e .
G r i f f i t h  cou ld  o n ly  conclude t h a t  th e  t y p i c a l  b r i t t l e  s o l i d s  
must c o n t a in  a p ro f u s io n  o f  subm ic roscop ic  f la w s ,  m ic ro c ra c k s  o r  
o th e r  c e n t r e s  o f  h e t e r o g e n e i t y  to o  sm all  to  be d e t e c te d  by o r d in a r y  
means. The e f f e c t i v e  le n g th  o f  th e s e  so c a l l e d  ’G r i f f i t h ,  f l a w s T*
* For d e t a i l s  see  Lawn and Wilshaw (19 7 5 a) .
was c a l c u l a t e d  by th e  t e n s i l e  s t r e n g t h .  G r i f f i t h ’ s s p e c u la t io n s  
on th e  o r i g i n  and n a tu re  o f  f law s  have l a r g e l y  been  su p e rse d e d .
The id e a  o f  th e  f la w  as a sou rce  o f  weakness i n  a s o l i d  h a s ,  
n e v e r t h e l e s s  p la y ed  a v i t a l  p a r t  i n  th e  h i s t o r i c a l  developm ents  o f  
p r e s e n t - d a y  f r a c t u r e  th e o ry .
I n  1924, G r i f f i t h  developed  h i s  id e a s  s t i l l  f u r t h e r ,  g iv in g  
e x p l i c i t  c o n s id e r a t i o n  to  th e  e f f e c t  o f  a p p l ie d  s t r e s s  s t a t e  on t h e  
c r i t i c a l  f r a c t u r e  c o n d i t i o n s .  With r e g a rd  to  th e  s t r e s s  s t a t e ,  
G r i f f i t h  ex tended  h i s  a n a l y s i s  o f  th e  case  o f  a u n i a x i a l  t e n s i o n  to  
th e  c a se  o f  a b i a x i a l  a p p l ie d  s t r e s s  f i e l d ,  such, t h a t  a c ra c k  p la n e  
i s  s u b je c t e d  to  b o th  normal s t r e s s  ( t e n s i o n  o r  com pression) and s h e a r  
s t r e s s  ( p a r a l l e l  to  Crack growth d i r e c t i o n )  com ponents. The f la w  
c h a r a c t e r i s t i c s  which a r e  known as  ’’G r i f f i t h ,  f la w s ” a r e  s e n s i t i v e  to  
many s t r u c t u r a l  f a c t o r s  (Lawn and Wilshaw 1975),  th e  most im p o r ta n t  
o f  w hich a r e :
i .  N a tu re  o f  co h es iv e  bond and a tom ic  s t r u c t u r e s ,
i i .  D e fe c t  s t r u c t u r e ,
i i i .  Specimen h i s t o r y .
i . N a tu re  o f  Cohesive Bond and Atomic S t r u c t u r e s
A l l  m ech an ica l  p r o p e r t i e s  o f  s o l i d s  a r e  u l t i m a t e l y  d e c id e d  a t  
th e  a tom ic  l e v e l .  In  c r y s t a l l i n e  m a t e r i a l s ,  a tom ic  bonds a r e  p a r t i ­
c u l a r l y  s u s c e p t i b l e  to  r u p tu r e  i n  t e n s i o n  (c le a v a g e )  and s h e a r  ( s l i p )  
a c r o s s  p r e f e r r e d  c r y s t a l l o g r a p h i c  p l a n e s .  For exam ple, th e  diamond 
s t r u c t u r e  m a t e r i a l s  as  C, S i and Ge have p r im ary  c le a v a g e  and s l i p  i n  
{111} p l a n e s .  Such o r i e n t a t i o n  e f f e c t s  ( a n i s o t ro p y )  w i l l  h ave  a 
g r e a t e r  i n f l u e n c e  on f law  g e n e s is  i n  some m a t e r a i l s  th a n  i n  o t h e r s .
i i .  D e fe c t  S t r u c t u r e
The t y p i c a l  s o l i d  c o n ta in s  many d e f e c t s  o r  in h o m o g e n e i t ie s ,  a l l  
o f  w hich a r e  p o t e n t i a l  so u rces  o f  f la w s .  T h is  in c lu d e s  i n  th e  w id e s t  
i n t e r p r e t a t i o n  phonons, p o in t  d e f e c t s  (v a c a n c ie s ,  i n t e r s t i t i a l s ,  sub­
s t i t u t i o n a l  i m p u r i t i e s ) , l i n e  d e f e c t s  ( d i s l o c a t i o n s ) , s u r f a c e  d e f e c t s  
( g r a i n  b o u n d a r ie s ,  tw in  b o u n d a r ie s ,  phase  b o u n d a r ie s ,  s t a c k i n g  f a u l t s ,  
and c ra c k s  th e m s e lv e s ) ,  volume d e f e c t s  (v o id s ,  b u b b le s ,  p r e c i p i t a t e s ,  
i n c l u s i o n s ) . Taken c o l l e c t i v e l y ,  th e s e  d e f e c t s  may be c o n s id e re d  to  
c o n s t i t u t e  th e  "m icro  s t r u c t u r e "  o f  a m a t e r i a l .
i i i .  Specimen H is to ry
The n a t u r e  and d i s t r i b u t i o n  o f  f law s  depend c r i t i c a l l y  on th e  
m e c h a n ic a l ,  th e rm a l and chem ical h i s t o r y  o f  t h e  m a t e r i a l ,
1 .1 .4  N u c le a t io n  and Form ation  o f  Cracks
Lawn and Wilshaw (1975a) d e a l t  w ith ,  c r a c k  n u c l e a t i o n  s e p a r a t e l y  
from c ra c k  p ro p a g a t io n ,  th e  d i s t i n c t i o n  betw een th e s e  two s t a g e s  n o t  
b e in g  always c l e a r .  In  many ca se s  one i s  j u s t i f i e d  i n  d e s c r i b i n g  an 
in t e r m e d ia te  " fo rm a t io n  s t a g e " ,  d u r in g  which th e  c ra c k  b e g in s  to  grow 
b u t  rem ains  e f f e c t i v e l y  w i th in  th e  zone o f  in f lu e n c e  o f  th e  n u c l e u s .
Such i s  th e  s i t u a t i o n  when th e  s t r e s s  c o n d i t io n s  n e c e s s a r y  to  c r e a t e  
th e  n u c le u s  a r e  n o t  s u f f i c i e n t  to  make th e  r e s u l t i n g  m ic ro c ra c k  ru n :  
one must th e n  r a i s e  th e  a p p l ie d  lo a d  u n t i l  th e  m ic ro c ra c k  d ev e lo p s  
beyond th e  n u c l e a t i o n  zone. T h is  l e a d s  to  th e  n o t io n  o f  th e  " w e l l  
deve loped"  c r a c k .  I t  i s  co n v en ien t  to  r e g a rd  any fo rm a t io n  s t a g e  a s  
an  “ a d ju n c t"  to  th e  n u c l e a t io n  s t a g e ,  r e f e r r i n g  lo o s e ly  t o  th e  c o l l e c t i v e  
p ro c e s s  as  " c r a c k  i n i t i a t i o n " .
There i s  no one obvious scheme f o r  c l a s s i f y i n g  c ra c k  n u c l e a t i o n  
m echanisms. Lawn and Wilshaw (1975a) d i s c u s s e d  them i n  th e  c o n te x t  
o f  h ig h ly  b r i t t l e ,  s e m i - b r i t t l e ,  and non b r i t t l e  ( d u c t i l e )  m a t e r i a l s .  
B a s i c a l l y ,  th e  q u e s t io n  o f  b r i t t l e n e s s  i s  t i e d  up w i th  th e  b eh av io u r  
o f  d i s l o c a t i o n s  and o th e r  d e f e c t s  w i th i n  th e  n u c l e a t i o n  zone. I n  
h ig h ly  b r i t t l e  m a t e r i a l s  th e  d i s l o c a t i o n s  a r e  immobile; i n  s e m i - b r i t t l e  
m a t e r i a l s  th e y  a r e  m o b i le ,  b u t  o n ly  on a r e s t r i c t e d  number o f  s l i p  
p la n e s ;  i n  n o n - b r i t t l e  m a t e r i a l s  th e y  a r e  m o b i le ,  w i th  l i t t l e  o r  no 
c r y s t a l l o g r a p h i c  c o n s t r a i n t .
1 .1 .5  N u c le a t io n  S tage i n  H igh ly  B r i t t l e  S o l id s
C e r t a in  s o l i d s ,  th o s e  w i th  s t r o n g  c o v a le n t  o r  i o n i c  bond ing  and 
a r e l a t i v e l y  immobile d e f e c t  p o p u la t io n ,  f r a c t u r e  r e a d i l y  a t  low s t r e s s  
l e v e l s  compared w i th  t h e o r e t i c a l l y  a t t a i n a b l e  l e v e l s .  These s o l i d s  a r e  
d e s ig n a te d  b r i t t l e  or h ig h ly  b r i t t l e ,  i f  th e  r e s i s t e n c e  to  f r a c t u r e  i s  
d e te rm in e d  l a r g e l y  by th e  i n t r i n s i c  bond s t r e n g t h .  Examples o f  t h e s e  
s o l i d s  a r e :  s i l i c a t e  g l a s s ,  diamond s t r u c t u r e  c r y s t a l s ,  q u a r t z  and 
s a p p h i r e ,  and many ceram ics  and i n t r i n s i c a l l y  s t r o n g  m e t a l l i c  m a t e r i a l s .
Lawn and Wilshaw (1975a) d is c u s s e d  t h r e e  im p o r ta n t  f e a t u r e s  w hich  
c h a r a c t e r i s e  f law s  i n  h ig h ly  b r i t t l e  s o l i d s .  F i r s t l y ,  t h e  f la w s  need 
n o t  be l a r g e  to  a f f e c t  s i g n i f i c a n t l y  th e  s t r e n g t h .  A t y p i c a l  exam ple , 
i s  th e  s u r f a c e  c ra c k  in  g la s s  c o n s id e re d  by G r i f f i t h  to  be r e s p o n s i b l e  
f o r  r e d u c in g  th e  f r a c t u r e  s t r e s s .  S econd ly , th e  f law s  o ccu r  m a in ly  
i n  th e  s u r f a c e  o f  a m a t e r i a l ,  where exposu re  to  e x t e r n a l  i n f l u e n c e s  
i s  g r e a t e s t ,  a l th o u g h  th e s e  a r e  e x c e p t io n s  where i n t e r n a l  s o u rc e s  
d o m in a te .  T h i r d ly ,  th e  f law s  a r e  g e n e r a l ly  w id e ly  d i s t r i b u t e d  i n  s i z e ,  
l o c a t i o n ,  and o r i e n t a t i o n ,  u n le s s  d e l i b e r a t e l y  in t ro d u c e d  i n t o  th e
m a t e r i a l  by some c o n t r o l l e d  t r e a t m e n t .
I t  shou ld  be ad m itted  from th e  o u t s e t  t h a t  much o f  th e  ev id en ce  
s u b s t a n t i a t i n g  th e s e  f e a t u r e s  i s  o f  an i n d i r e c t  n a t u r e ,  f o r  th e  
t y p i c a l  c ra c k  n u c le u s  i s  n o t  always r e a d i l y  a c c e s s i b l e  to  m ic ro s c o p ic  
e x a m in a t io n .  The case  o f  m echan ica l damage by m utual c o n t a c t  betw een 
m a t e r i a l  s u r f a c e  and e x t e r n a l  b o d ie s  i s  a m a jo r  p o in t  t h a t  w i l l  be 
d i s c u s s e d  a t  some l e n g th .
1 .1 .6  C o n ta c t  Damage
An im p o r ta n t  p o i n t e r  to  th e  o r i g i n  o f  th e  so c a l l e d  " G r i f f i t h  
f la w s"  comes from i n d e n ta t i o n  h a rd n e ss  t e s t i n g .  A h a rd  i n d e n t e r  
loaded  on to  th e  s u r f a c e  o f  a specimen g e n e r a l l y  p roduces  a l o c a l  
damage zone o f  d im ensions com parable to  t h a t  o f  th e  c o n t a c t  r e g io n .
The e f f e c t i v e  le n g th  o f  th e  t y p i c a l  f la w  i s  ^  1 pm.
F i s h e r  and Amick (1966) r e p o r te d  t h a t  i f  th e  s u r f a c e  o f  a s i l i c o n  
web c r y s t a l  b e f o r e  o x id a t io n  i s  l i g h t l y  s c r a tc h e d  w i th  a  s a p p h i r e  
s c r i b e  th e  c h a r a c t e r i s t i c  l i n e  s t r u c t u r e  i s  observed  w hich i s  d e t e c t e d  
m i c r o s c o p ic a l ly  p r i o r  to  o x id a t io n  b u t  a f t e r  o x id a t io n  i s  n e a r l y  i n v i s ­
i b l e .  When th e  s u r f a c e  i s  d eep ly  s c r a tc h e d  th e  l i n e  d e f e c t  s t r u c t u r e  
i s  n o t  p r e s e n t .  I n s te a d  a h ig h  d e n s i t y  o f  e t c h  p i t s  a p p e a rs  a lo n g  th e  
t r a c e  o f  th e  s c r a t c h .  The p re sen ce  o f  th e  l i n e  d e f e c t  s t r u c t u r e  th u s  
s e rv e s  as  a v e ry  s e n s i t i v e  t e s t  f o r  th e  p re se n c e  o f  m e ch an ic a l  damage 
i n  s i l i c o n  w a fe rs  r e v e a l in g  damage which c an n o t be ob se rv ed  m ic ro ­
s c o p i c a l l y  p r i o r  to  o x id a t io n .  The s t r u c u t u r e  a s  seen  by M endelson 
(1964) i n  th e  neighbourhood o f  a s c r a t c h  on an e p i t a x i a l  l a y e r  r e ­
sem bles th e  s t r u c t u r e  seen  by F is h e r  and Amick (1966) s u g g e s t in g  t h a t  
th e  s t r u c t u r e  i s  due to  l i n e  s ta c k in g  f a u l t s .
The b a s i s  f o r  t r e a t i n g  th e  c o n ta c t  problem  i s  th e  e l a s t i c i t y  
a n a l y s i s  o f  H e r tz  i n  1896. Sea l (1958) perfo rm ed  a " s c r a t c h "  t e s t  
by s l i d i n g  a diamond s t y l u s  acros-s- a  diamond s u r f a c e  and o b s e rv in g  
th e  minimum lo a d  r e q u i r e d  to  produce a f r a c t u r e  t r a c k .
Diamond i s  known to  c le a v e  i n  a h ig h ly  b r i t t l e  manner on {111} 
p l a n e s ,  and f r a c t u r e  must a l s o  occu r  on seco n d ary  c le a v a g e  p la n e s  o r  
even on n o n - c r y s t a l l o g r a p h i c  s u r f a c e s ,  i n  H e r t z i a n - ty p e  s t r e s s  
f i e l d s  (Howes and T o lan sk y ,  1955; F rank  and Lawn, 1967) .
The c o n t a c t  f o r c e  g e n e r a l ly  has  a t a n g e n t i a l  as  w e l l  a s  normal 
component , f o r  i n s t a n c e ,  a p a r t i c l e  t r a v e r s i n g  a specim en s u r f a c e  
w i l l  be s u b je c t  to  a f r i c t i o n a l  t r a c t i o n  i n  p r o p o r t i o n  to  th e  normal 
lo a d ,  w i th  a consequen t in c r e a s e  i n  t e n s io n  i n  th e  wake o f  th e  c o n t a c t  
c i r c l e .  A common m a n i f e s t a t i o n  o f  t h i s  s i t u a t i o n  i s  th e  " c h a t t e r  
t r a c k "  composed o f  more o r  l e s s  r e g u l a r l y  sp aced ,  asym m etric  s u r f a c e  
c ra c k s  a s  r e p o r t e d  by Lawn (1967) f o r  a  s c r a t c h  made on a  (111) s u r f a c e  
o f . a  n a t u r a l  diamond. F i n a l l y ,  th e  t y p i c a l  con tam inan t p a r t i c l e  w i l l  
o f  c o u rse  be i r r e g u l a r  i n  shape , w i th  c o n ta c t  most l i k e l y  a t  sh a rp  
c o rn e r s  o r  e d g e s .  The s t r e s s  c o n c e n t r a t i n g  geom etry o f  th e  sharp  
in d e n te r  le n d s  i t s e l f  n o t  on ly  to  th e  c r e a t i o n  o f  c ra c k  n u c l e i ,  b u t  
a l s o  to  th e  a c t i v a t i o n  o f  s u b s id ia r y  modes o f  i r r e v e r s i b l e  d e fo rm a t io n  
as  shown f o r  a s c r a t c h  made on a s u r f a c e  o f  g l a s s  by D ick and P e t e r  
(1969 ) .
I t  i s  th u s  a p p a re n t  t h a t  th e  exposed s u r f a c e  o f  a b r i t t l e  s o l i d  
i s  s u s c e p t i b l e  to  damage by th e  most m in u te  o f  m echan ica l  a g e n t s .
These damage mechanisms have a p a r t i c u l a r  r e le v a n c e  to  t h e  f r a g m e n ta t io n
and rem oval o f  s u r f a c e  m a t e r i a l  i n  g r in d in g ,  s c r a t c h in g  and 
a b r a s io n s  o p e r a t io n s .  .
1 .1 .7  G rin d in g  and S c ra tc h in g
The p ro c e s s  o f  g r in d in g  i s  th e  slow a b r a s io n  o f  s u r f a c e s  i n  
f r i c t i o n  c o n t a c t  o r  th e  p ro c e s s  by which p a r t i c l e s  o f  m a t e r i a l  a r e  
removed from s u r f a c e s  moving in  c o n t a c t  w i th  one a n o th e r ,  a s  i n  
a b r a s io n .  R esearch  on g r in d in g  i s  concerned  w i th  th e  q u a n t i t a t i v e  
o f  such p a ra m e te rs  as  th e  r a t e  o f  volume rem ova l,  t h e  norm al and 
t a n g e n t i a l  components o f  th e  f o r c e ,  and th e  power needed f o r  
rem oval (B roese  van  Greonou e t  a l ,  1975).
Veldkamp and K le in  Wassinck (1976) r e p o r t e d  o b s e r v a t io n s  on 
s c r a t c h e s  made by an a b r a s iv e  p a r t i c l e  i n  th e  s u r f a c e  o f  homogeneous 
and i s o t r o p i c  manganese z in c  f e r r i t e  i n  a c e r t a i n  d i r e c t i o n  a t  con­
s t a n t  speed  and a t  a g iv en  d e p th .  The a r e a  o f  th e  groove p e r p e n d i c u la r  
to  th e  d i r e c t i o n  o f  s c r a tc h in g  in c r e a s e s  p r o p o r t i o n a l l y  w i th  lo a d ,  a s  
o b se rv ed  i n  s c r a t c h in g  h a rd n ess  measurements w i th  sh a rp  cones and 
py ram id s .  When th e  c r o s s - s e c t i o n  shape o f  th e  groove i s  assumed to  
be s e m i - c i r c u l a r  th e  s i z e  o f . t h e  p a r t i c l e  i n c r e a s e s  w i th  lo a d .  They 
p roposed  a model which r e s u l t s  i n  th e  developm ent o f  a co n e-sh ap ed  
c r a c k ,  th e  curved  s u r f a c e  o f  which makes an a n g le  w i th  th e  s c r a t c h i n g  
d i r e c t i o n  and hence g iv e s  r i s e  to  a sudden d e c re a s e  o f  th e  t a n g e n t i a l  
f o r c e .
Johnson  (1966) examined th e  e f f e c t  o f  damage p roduced  a t  room 
te m p e ra tu re  by a s p h e r i c a l  i n d e n te r  on e t c h - p o l i s h e d  Ge s u r f a c e s  
and th e  e f f e c t  o f  su b seq u en t a n n e a l in g  a t  550°C w i th  an o p t i c a l
m icroscope  u s in g  i n t e r f e r e n c e  c o n t r a s t  t e c h n iq u e s .  He found t h a t  
t h e r e  i s  no ev id en ce  f o r  d i s l o c a t i o n  g l i d e  a t  room te m p e ra tu r e .
The d i s l o c a t i o n  g e n e r a t io n  and m otion  i n  a s s o c i a t i o n  w i th  m ic ro ­
c ra c k s  were observed  i n  a l l  c a s e s  w i th o u t  e t c h in g  th e  s u r f a c e s  and 
o c c u r re d  o n ly  d u r in g  subsequen t a n n e a ls .  Johnson  (1966) concluded  
t h a t  a c ra c k  i s  n u c le a te d  i n  th e  r e g io n  o f  t e n s i l e  s t r e s s ;  j u s t  
o u t s id e  th e  a r e a  o f  c o n ta c t  o f  th e  i n d e n t e r ,  th e n  i t  p ro p a g a te s  
around  th e  i n d e n t e r ,  fo l lo w in g  th e  r e g io n  o f  maximum t e n s i l e  
s t r e s s .  When th e  fo r c e  on th e  i n d e n te r  i s  r e l e a s e d ,  i t  i s  g e n e r a l l y  
n o t  p o s s i b l e  f o r  th e  two s u r f a c e s  to  f i t  back to g e th e r  i n  p e r f e c t  
r e g i s t r y ,  th u s  r e s u l t i n g  i n  th e  observed  e l a s t i c  s t r a i n  around th e  
r i n g  c r a c k .  A nnealing  p e rm i ts  r e l a x a t i o n  o f  th e  e l a s t i c  s t r a i n  by 
d i s l o c a t i o n  m otion  which i s  known to  occu r  a t  r a t h e r  low s t r e s s  
l e v e l s  a t  550°C i n  case  o f  Ge as r e p o r te d  by G a lla g h e r  (1952 );
K ab le r  (1963); Johnson (1966).
I t  i s  assumed t h a t  a s c r a tc h in g  p o in t  i s  symmetric w i t h  r e s p e c t  
t o  a  p la n e  p e r p e n d ic u la r  to  th e  s u r f a c e  o f  th e  work p ie c e  and th ro u g h  
th e  s c r a t c h  d i r e c t i o n .  I n  t h a t  case  th e  s t r e s s  f i e l d  o f  a m o v in g  
sp h e re  on a s u r f a c e  i n  f r o n t  o f  and benea th ,  th e  moving i n d e n t e r ,  a 
r e g io n  o f  com pressive  s t r e s s  i s  p r e s e n t ;  w hereas b eh in d  a t  th e  s id e s  
o f  th e  i n d e n te r  l a r g e  t e n s i l e  s t r e s s  o c c u r .  T h is  s t r e s s  f i e l d  made 
th e  shape o f  d ev e lo p in g  c rac k s  p r e d i c t a b l e  (H am ilton  and Goodman, 1966) .
O g ihara  e t  a l  (1972) s tu d ie d  th e  amount o f  c ra c k in g  and c h ip p in g  
around s c r a t c h e s  on v a r io u s  MnZn and NiZn f e r r i t e s ,  b o th  c r y s t a l s  
and p o l y c r y s t a l l i n e  m a t e r i a l s .  The e x t e n t  o f  c ra c k in g  depends on 
th e  o r i e n t a t i o n  o f  th e  c r y s t a l l i t e s  and th e  d i r e c t i o n  o f  s c r a t c h i n g .
R enninger (1972) s tu d ie d  th e  damage f i e l d  o f  th e  s c r a t c h e s  made 
i n  <112> d i r e c t i o n  on s i n g l e  c r y s t a l s  o f  s i l i c o n .  He found t h a t  th e  
damage f i e l d  o f  each  s c r a t c h  c o n s i s t s  o f  t h r e e  zones o f  d i f f e r e n t  
k in d s  o f  d i s t o r t i o n s  and exceeds th e  fu rro w  d im ensions i n  w id th  as  
w e l l  a s  i n  d e p th  by s e v e r a l  o rd e r s  o f  m agn itude . R enn inger concluded  
t h a t  a  com press ive  s t r a i n  o f  th e  o rd e r  o f  2 .10^ Kp.cm"^ e x i s t s  and i s  
a t t r i b u t e d  to  m i c r o p l a s t i c  d e fo rm a tio n ,  su r ro u n d in g  each  s c r a t c h .  No 
in f l u e n c e  o f  s c r a t c h in g  v e l o c i t y  on th e  r e s u l t i n g  damage i s  o b s e rv e d .
Sunada (1974) c a r r i e d  o u t  s c r a tc h in g  e x p e r im en ts  on s i l i c o n  
s i n g l e  c r y s t a l s  hav in g  th e  s u r f a c e  p a r a l l e l  to  (111) p la n e .  The 
s c r a t c h e s  were made i n / 1 2 1 1 ]d i r e c t i o n  u s in g  adiamond p o i n t  o f  r a d i u s  
o f  c u r v a tu r e  abou t 100 pm. The load  was i n  th e  ra n g e  from 75 gm to  
300 gm. He observed  smooth t r a c e  w i th o u t  m ic ro c ra c k s  o n ly  w i th  a 
lo ad  o f  100 gm. With lo ad s  o f  200 gm and 300 gm s t r i a t i o n s  a r e  
ob se rv ed  i n  th e  t r a c e  to g e th e r  w i th  m ic ro c rack s  w hich p r o p a g a te  o u t  
o f  th e  t r a c e .  Sunada showed t h a t  th e  b r e a d th  o f  th e  t r a c e  i s  a b r u p t l y  
changed a t  a lo ad  o f  about 150 gm and m ic ro c ra c k s  o ccu r  w i th  a  lo ad  
beyond t h i s  v a lu e .  I t  i s  c a l l e d  th e  c r i t i c a l  v a lu e  f o r  t h e  o c c u r re n c e  
o f  m ic ro c ra c k s .
B roese  van  Groenou, Maan and Veldkamp (1975) c a r r i e d  o u t
s c r a t c h in g  experim en ts  on v a r io u s  ceram ic  m a t e r i a l s .  They d e f in e d
\
th e  energy  needed p e r  u n i t  volume o f  removed m a t e r i a l  i s  th e  
s p e c i f i c  en e rg y .  B roese  van Groenou e t  a l  (1975) found t h a t  th e  
r a t i o  o f  th e  t a n g e n t i a l  to  th e  normal f o r c e  i s  dep en d en t on th e  apex  
a n g le  o f  th e  diamond in d e n te r  used  and n o t  on th e  m a t e r i a l  o r  on th e  
lo ad  i n  th e  ra n g e  o f  0 .05  to  1 N. The energy  needed f o r  th e  c r e a t i o n
o f  a u n i t  volume o f  th e  g roove , i e .  th e  s p e c i f i c  e n e rg y ,  and th e  
s c r a t c h  h a rd n e s s  a r e  indep en d en t o f  apex a n g le  i n  th e  ran g e  u s e d ,  
b u t  i n c r e a s e  w i th  v ic k e r s  h a rd n ess  o f  th e  m a t e r i a l .  M oreover, th e  
s p e c i f i c  ene rgy  d e c re a se s  w i th  i n c r e a s in g  load  f o r  th e  h a rd e r  m a t e r i a l s  
They concluded  t h a t  th e  t a n g e n t i a l  f o r c e  f l u c t u a t i o n s  were found a t  
a l l  lo a d s  u se d .  The am p litude  o f  th e s e  f l u c t u a t i o n s  i s  l i n e a r l y  
r e l a t e d  to  th e  av e rag e  t a n g e n t i a l  f o r c e .  The r e g io n  around th e  
s c r a t c h e s  i s  d i s tu r b e d  by c ra c k s  and c h i p s .  The w id th  o f  t h i s  r e g io n  
i s  dependen t on m a te r i a l  and lo a d .  The m echan ica l b e h a v io u r  o f  th e  
v a r io u s  ce ram ics  m a t e r i a l s  i s  s i m i l a r  to  diamond a t  low lo a d s ,  where 
a w e l l - d e f in e d  groove i s  found . The b r i t t l e  ce ram ics  and diamond 
show c ra c k in g  and c h ip p in g  o u t s id e  th e  g roove .
Lawn and Swain (1975) i n v e s t i g a t e d  th e  m echanics  o f  p o i n t -  
i n d e n t a t i o n  m i c r o - f r a c t u r e  i n  b r i t t l e ,  m a t e r i a l s  ( s i l i c o n ,  q u a r t z ,  
fu se d  s i l i c a  and soda lim a g la ss ) ,  u s in g  p o in te d  i n d e n t e r s  o f  diamond, 
ra n g in g  from th o se  used i n  s ta n d a rd  h a rd n e s s  t e s t i n g  e g .  V ic k e rs  
pyram id and Knoop, to  s p e c i a l l y  ground cones o f  a n g le  160°. They 
have shown s i x  f e a t u r e s  a s  m a n ife s te d  by th e  e f f e c t s  o f  lo a d in g  and 
u n lo a d in g  o f  c ra c k  fo rm a t io n  under p o i n t  i n d e n t a t i o n  ( s e e  F ig .  1 . 2 ) .
The g e n e r a l  f e a t u r e s  s e p a ra te d  by Lawn and Swain (1975) a r e :
a .  I n i t i a l  lo a d in g ,  when th e  sh a rp  in d e n te r  in d u c es  a 
zone o f  i r r e v e r s i b l e  d e fo rm a tio n  abou t th e  c o n ta c t  
p o i n t  where th e  s i z e  o f  t h i s  zone in c r e a s e s  w i th  lo a d .
b .  C r i t i c a l  zone fo rm a t io n ,  a t  some c r i t i c a l  i n d e n te r  lo a d ,  
a  c ra c k  sudden ly  i n i t i a t e s  below th e  c o n t a c t  p o i n t ,
A♦c-j 1*2 c+ |
▼
O'
Fig. 1.1 Griffith crack model
(a) (d)
(b) (e)
(c)
1r
'W jS
(f)
Fig. 1.2 Schematic of vent crack formation
under point indentation. Median vent 
forms during loading (+) half-circle, 
lateral vents during unloading (-) 
half-circle. Fracture initiates from  
deformation zone (dark region)
(After Lawn and Swain, 1975)
where th e  s t r e s s  c o n c e n t r a t i o n  i s  g r e a t e s t .  T h is  
c ra c k ,  termed th e  median v e n t ,  l i e s  i n  a p la n e  
o f  symmetry i n  th e  a p p l ie d  f i e l d ,  th e  s p e c i f i c  
o r i e n t a t i o n  o f  which depends on such f a c t o r s  as  
i n d e n te r  geom etry and c r y s t a l  a n i s o t r o p y .
c .  S ta b le  c ra c k  growth by i n c r e a s in g  th e  lo a d .
There i s  a s t a b l e  e x te n s io n  o f  th e  median v e n t .
d .  I n i t i a l  u n lo a d in g ,  th e  median v e n t  b e g in s  to  c lo s e
(b u t  n o t  h e a l ) . ,
e .  R e s i d u a l - s t r e s s  c ra c k in g .  R e la x a t io n  o f  deformed 
m a t e r i a l  w i th in  th e  c o n ta c t  zone j u s t  p r i o r  to  
removal o f  th e  in d e n te r  superim poses  i n t e n s e  
r e s i d u a l  t e n s i l e  s t r e s s  upon the  a p p l ie d  f i e l d .
I n  th e  c o u rse  o f  in d e n te r  rem ova l,  s id w a y s -e x te n d in g  
c r a c k s ,  termed l a t e r a l  v e n t s ,  b e g in  to  d e v e lo p .
f . Upon com plete  removal th e  l a t e r a l  v e n t s  c o n t in u e  
t h e i r  e x t e n s io n ,  toward th e  specim en s u r f a c e ,  and 
may a c c o rd in g ly  le ad  to  c h ip p in g .
F i n a l l y ,  Lawn and Swain (1975) r e p o r t e d  t h a t  im m ediate r e l o a d i n g  
o f  th e  i n d e n te r  c l o s e s  th e  l a t e r a l  v e n t s  and reo p en s  t h e  m edian v e n t s .
Lawn and Wilshaw (1975b) su g g es ted  t h a t  th e  p o s s i b l e  i n f l u e n c e  
o f  r e s i d u a l  s t r e s s e s  on c rack  fo rm a t io n  i n  th e  u n lo a d in g  specim en 
sh o u ld  be c o n s id e re d .  The main r e a s o n  of  th e  g r e a t  d i v e r s i t y  o f  th e  
c ra c k  p a t t e r n s  made by sharp  in d e n te r s  i s  a r e s u l t  o f  m inor v a r i a t i o n s
i n  th e  t e s t  system  (eg .  in d e n te r  shape ,  n a tu r e  o f  en v iro n m en t,  lo ad  
r a t e ,  e t c . ) .
Veldkamp and K le in  W assinck (1976) gave a t t e n t i o n  to  th e  s p e c i f i c  
en e rg y  as  a f u n c t io n  o f  th e  d e p th  o f  th e  s c r a tc h in g  p o i n t  i n  ' th e  
b r i t t l e  m a t e r i a l .  They have shown t h a t  th e  s c r a t c h in g  b e h a v io u r  o f  
Manganese Zinc F e r r i t e  a t  d i f f e r e n t  lo a d s  i s  s i m i l a r  to  th e  s c r a t c h in g  
b e h a v io u r  o f  g l a s s  (Busch, 1967). S e v e ra l  s ta g e s  i n  m a t e r i a l  b e h a v io u r  
cou ld  be observed  w ith  r e s p e c t  to  i n c r e a s in g  normal f o r c e :  p u r e ly  d u c t i l e  
g ro o v in g ,  b r i t t l e  c ra c k in g  j u s t  beh ind  th e  s c r a t c h in g  p o i n t ,  b r i t t l e  
c r a c k in g  i n  f r o n t  of th e  p o i n t  and b r i t t l e  c h ip p in g  beh in d  and i n  f r o n t  
o f  th e  s c r a t c h in g  p o i n t .  They ex p ec ted  t h a t  w i th  an  in c r e a s e  o f  th e  
d ep th  o f  th e  s c r a t c h in g  p o i n t ,  th e  t e n s i l e  s t r e s s  zone i n c r e a s e s  i n  
s i z e  so t h a t  more d e f e c t s  come i n t o  i t .  As a r e s u l t ,  more d e f e c t s  
deve lop  i n t o  c r a c k s .
1 . 1 .8  A bras ions
The a b ra s io n s  a r e  o f  two ty p e s :  ( i )  F in e  a b ra s io n s  a r e  perfo rm ed  
on a r o t a t i n g  c l o t h  pad u s in g  e i t h e r  0 .2 5 ,  6 o r  15 m icron  diamond 
p a r t i c l e s  i n  a s l u r r y  w i th  k e ro se n e  as  a l u b r i c a n t .  Some o f  th e  
f i n e  a b r a s io n  t r e a tm e n t s ,  eg .  0 .2 5  m icron  diamond on a c l o t h  p ad ,  
a r e  o f t e n  r e f e r r e d  to  as  p o l i s h i n g  r a t h e r  th a n  a b ra d in g ,  C ii)  Coarse 
a b r a s io n s  a r e  perfo rm ed  on a r o t a t i n g  w heel u s in g  e i t h e r  No. 600,
400 o r  240 SiC p a p e rs  w ith  w a te r  as  a  l u b r i c a n t .  I n  a l l  i n s t a n c e s ,  
th e  l i n e a r  p o l i s h i n g  speed i s  ap p ro x im a te ly  350 cm /sec ,  th e  a b r a s io n  
p r e s s u r e  i s  200 gm/cm^ and th e  a b r a s io n  tim e i s  a few m in u te s  
( S t i c k le r  and Booker, 1963).
S t i c k l e r  and Booker (1963) examined th e  s u r f a c e  damage on 
ab raded  s i l i c o n  specim ens by t r a n s m is s io n  e l e c t r o n  m icroscopy  and 
s ta n d a rd  m e ta l lo g r a p h ic  m ethods. The i n v e s t i g a t i o n  showed t h a t  th e  
damage v a r i e d  i n  a  p r o g r e s s iv e  manner w i th  th e  s e v e r i t y  o f  t h e  
a b r a s io n  t r e a tm e n t .  They found t h a t  th e  d ep th s  o f  damage ranged  
from 0 .2  to  24 pm. A n iso tro p y  o f  damage o c c u rre d  f o r  th e  f i n e  
a b r a s io n s  o f t e n  termed p o l i s h i n g ,  b u t  was n o t  observed  f o r  th e  
c o a r s e  a b r a s io n s .  When abraded  specimens w ere a n n e a le d ,  th e  d i s ­
lo c a t i o n s  changed t h e i r  c o n f ig u r a t i o n ,  and new d i s l o c a t i o n s  p ro ­
p a g a te d  i n  o rd e r  to  r e l i e v e  e l a s t i c  s t r a i n s .  S t i c k l e r  and Booker 
(1963) concluded  t h a t  th e  n a tu r e  o f  th e  damage depends on th e  
a b r a s io n  d i r e c t i o n ,  i e .  th e r e  a r e  d e f i n i t e  d i r e c t i o n s  f o r  which, 
th e  damage i s  a minimum. When th e  a b r a s io n  i s  perfo rm ed  on a s l i p  
p la n e ,  th e s e  d i r e c t i o n s  a re  th e  s l i p  d i r e c t i o n s .  For f i n e  a b r a s i o n s ,  
th e  m a t e r i a l  i s  m a in ly  removed from th e  s u r f a c e  by th e  ru b b in g  away 
o f  e x t re m e ly  sm all  p a r t i c l e s ,  w h ile  f o r  th e  c o a rs e  a b r a s io n s ,  th e  
m a t e r i a l  i s  m a in ly  removed by ch ip p in g  and c r a c k in g .
W ilks and W ilks 0-954,1959,1965) c a r r i e d  o u t  ex p e r im e n ts  to  
m easure th e  r e s i s t a n c e  o f  diamond to  a b r a s io n  by th e  V-shaped edges  
o f  sm a l l  r o t a t i n g  w h ee ls ,  o f  e i t h e r  c a s t - i r o n  charged  w i th  diamond 
powder, o r  o f  diamond powder bonded i n  a m a t r ix .  These e x p e r im e n ts  
have d em o n s tra ted  th r e e  p a r t i c u l a r  f e a t u r e s  o f  th e  a b r a s io n  h a rd n e s s  
o f  diamond: ( i )  i t s  g r e a t e s t  dependence on th e  o r i e n t a t i o n  o f  th e  f a c e t  
and th e  d i r e c t i o n  o f  a b r a s io n ;  ( i i )  th e  v e ry  sharp  changes i n  m agnitude  
which o ccu r  n e a r  c e r t a i n  p la n e s  and d i r e c t i o n s ;  and ( i i i )  th e  im p o ss ib i  
l i t y  o f  r e p r e s e n t i n g  th e  v a r i a t i o n  o f  th e  h a rd n e s s  by a s im ple  v e c t o r  
q u a n t i t y .
W ilks and W ilks (1959) found t h a t  th e  r a t e  o f  rem oval o f  
m a t e r i a l  from th e  diamond was d i r e c t l y  p r o p o r t i o n a l  to  th e  speed  
o f  th e  a b ra d in g  w hee l.  L a te r  on, Wilks and Wilks (1972) r e p o r t e d  
t h a t  th e  r a t e  o f  removal o f  m a t e r i a l  from th e  diamond depends v e ry  
g r e a t l y  on b o th  th e  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  o f  th e  f a c e  b e in g  
p o l i s h e d  and on th e  d i r e c t i o n  o f  a b r a s io n .  They found an e x t re m e ly  
r a p id  v a r i a t i o n  o f  h a rd n ess  c lo s e  to  th e  o c tah ed ro n  f a c e  o f  th e  
diamond. The d e p th  o f  c u t  i n  [112] d i r e c t i o n  i s  tw ic e  th e  d e p th  
o f  c u t  i n  [112] d i r e c t i o n .  The c u t s  were made on th e  n a t u r a l  
o c ta h e d ro n  fa c e  o f  diamond w ith  a bonded w heel.
A ccord ing  to  Wilks and Wilks (1972) Tolkowsky b u i l t  m odels o f  
diamond s u r f a c e s  i n  1920 from i d e n t i c a l  o c ta h e d ra  and t e t r a h e d r a  
b lo c k s .  Tolkowsky used  th e s e  models to  d i s p l a y  th e  g e o m e t r ic a l  
a r ran g em en ts  o f  th e  c leav ag e  p la n e s  and d id  n o t  im ply t h a t  diamond 
i s  i n  any sense  b u i l t  up o f  i d e n t i c a l  e le m e n ta ry  b lo c k s .  The o r i g i n a l  
form o f  Tolkowsky* s t r e a tm e n t  f a i l s  to  e x p l a in  th e  b e h a v io u r  o f  th e  
h a rd n e s s  on o c tah ed ro n  s u r f a c e s .  The h a r d e s t  d i r e c t i o n  i s  tow ards  
th e  cube [ 112] d i r e c t i o n ,  and th e  s o f t e s t  i s  i n  th e  r e v e r s e  d i r e c t i o n  
tow ards  th e  dodecahedron  [112] d i r e c t i o n .  Tolkowsky*s b lo c k  model 
o f  an  o c ta h e d ro n  fa c e  g iv e s  no s ig n  o f  a  d i r e c t i o n  o f  e a sy  a b r a s i o n .
I t  a l s o  s u g g e s t s ,  i n c o r r e c t l y ,  t h a t  a l l  d i r e c t i o n s  on th e  f a c e  w i l l  
be h a r d e r  th a n  a l l  d i r e c t i o n s  on o th e r  f a c e s .  The model a l s o  g iv e s  
no e x p la n a t io n  o f  th e  ex tre m ely  r a p id  change i n  h a rd n e s s  when th e  
f a c e t  i s  t i l t e d  i n  u p h i l l  and dow nh il l  d i r e c t i o n s .  Tolkowsky 
re m a rk s ,  t h a t  i t  i s  d i f f i c u l t  to  p o l i s h  a t r u e  o c ta h e d ro n  f a c e ,  and 
t h a t  t h i s  i s  u s u a l l y  done by p la c in g  an edge on th e  s c a i f e  r a t h e r  
th a n  th e  f l a t  f a c e .  F i n a l l y  Wilks and W ilks (.1972) conc luded  t h a t
th e  v a r i a t i o n s  i n  th e  r e s i s t a n c e  o f  diamond to  a b r a s io n  w hich may 
accompany changes i n  th e  d i r e c t i o n  o f  a b r a s io n s ,  and i n  th e  o r i e n t a t i o n  
o f  an ab raded  f a c e t  i s  a p ro c e s s  o f  m ic ro c le av ag e  i n  a v e ry  b r i t t l e  
m a t e r i a l .
1 .1 .9  A l t e r n a t i v e  Mechanisms
Lawn and Wilshaw (1975a) summarized some o f  th e  o th e r  n u c l e a t i o n  
mechanisms which o p e ra te  i n  b r i t t l e  s o l i d s .  I t  i s  n o t  a simple, m a t t e r  
to  av o id  in t r o d u c in g  s t r e s s - r a i s i n g  in h o m o g e n e i t ie s  d u r in g  th e  
p r e p a r a t i o n  o f  specim ens. The ave rage  f r e e  s u r f a c e  i s  f a r  from b e in g  
a t o m ic a l ly  smooth, w i th  s t e p s ,  r i d g e s ,  g ro o v es ,  p i t s ,  e t c .  even  on 
a t t e n d i n g  th e  " c l e a n e s t "  methods o f  s u r f a c e  p r e p a r a t i o n  (e g .  c r y s t a l  
growth o r  d i s s o l u t i o n ,  c le a v a g e ,  io n  bombardment). W ith in  th e  b u lk  
m a t e r i a l s  a r e  a p t  to  develop  a m i c r o s t r u c tu r e  o f  p o re s  and b u b b le s ,  
second phase  p a r t i c l e s ,  e t c . ,  p a r t i c u l a r l y  i f  f a b r i c a t i o n  in v o lv e s  
an  e x a c t in g  therm o-m echan ica l t r e a tm e n t .  Then a g a in ,  m a t e r i a l s  
exposed to  a d v e rse  c o n d i t io n s  may undergo s t r u c t u r a l  d e g r a d a t io n  
d u r in g  t h e i r  su b seq u en t l i f e  t im e .  On c o n ta c t  w i th  th e  a tm osphere  
m ost s o l i d s  form a s u r f a c e  ox ide  l a y e r  c ap a b le  o f  p ro d u c in g  v e ry  
h ig h  r e s i d u a l  s t r e s s e s .
F i n a l l y ,  th e rm a l e f f e c t s  become in c r e a s i n g l y  s i g n i f i c a n t  as  
a  g iv e n  s o l i d  i s  h e a te d  tow ards i t s  m e l t in g  p o i n t .  One may e n v is a g e  
th e  c o o rd in a te d  th e rm al r u p tu r e  o f  c o h e s iv e  bonds , o r  th e  c o a le s c e n c e  
o f  m ob ile  p o in t  d e f e c t s ,  to  form an i n t e r n a l  c ra c k  n u c l e u s .  I n  th e  
p re s e n c e  o f  an a p p l ie d  s t r e s s  th e r e  i s  a tendency  to  p r e f e r e n t i a l  
r u p tu r e  o f  new bonds a t  th e  edge o f  any such  em bryonic c ra c k :
b a la n c e d  a g a i n s t  t h i s  i s  th e  tendency  f o r  th e  newly b ro k en  bond to  
remake a g a in ,  by v i r t u e  o f  th e  c o n s t r a i n t  imposed by n e ig h b o u r in g ,  
i n t a c t  m a t e r i a l .  Thus w hether a c ra c k  n u c le u s  expands o r  c o n t r a c t s  
depends on th e  r e l a t i v e  r a t e s  o f  b re a k in g  and making o f  bonds .
1 .1 .1 0  N u c le a t io n  S tage  i n  S e m i - b f i t t l e  S o l id s
There  i s  a c l a s s  o f  s o l i d s  w hich i s  c h a r a c t e r i s e d  by l i m i t e d  
p l a s t i c  f low  p r i o r  to  th e  growth o f  a b r i t t l e  c r a c k .  Once s t a r t e d ,  
a  f u l l  p r o p a g a t in g  c rac k  in  such s o l i d s  has  a l l  th e  outw ard ap p e a ra n c e s  
o f  a h ig h l y  b r i t t l e  f r a c t u r e .  I n  th e  i n i t i a t i o n  s t a g e s ,  how ever, th e  
f lo w  p r o c e s s e s  assume a c o n t r o l l i n g  r o l e  by " f e e d in g * , and sometimes 
even  c r e a t i n g ,  th e  c ra c k  n u c l e i .  There i s  t h e r e f o r e  a ten d en cy  f o r  
th e  s t r e n g t h  o f  th e s e  s o - c a l l e d  s e m i - b r i t t l e  s o l i d s  to  r e l a t e  more 
c l o s e l y  to  th e  y i e l d  p r o p e r t i e s  th an  to  th e  i n i t i a l  f la w  d i s t r i b u t i o n .  
The component o f  r e s o lv e d  s h e a r  s t r e s s  on th e  s l i p  p la n e s  c o n s e q u e n t ly  
becomes a t  l e a s t  as  im p o r ta n t  as  th e  component o f  t e n s i l e  s t r e s s  on
i
t h e  e n su in g  c ra c k  p la n e ;  t h i s  i s  d em o n s tra ted  by th e  f a c t  t h a t  c ra c k s  
a r e  n u c le a te d  a lm os t as  e a s i l y  i n  com press ion  as  i n  t e n s i o n .  There  
i s  a l s o  a tendency  f o r  th e  i n i t i a l  s l i p  and su b se q u en t f r a c t u r e  i n  
s e m i - b r i t t l e  s o l i d  to  occu r  on w e l l - d e f in e d  c r y s t a l l o g r a p h i c  p l a n e s ,  
which le a d s  to  a c e r t a i n  i n f l e x i b i l i t y  i n  th e  o v e r a l l  d e fo rm a t io n  
p r o c e s s .  The c r y s t a l  canno t accommodate t h e  p l a s t i c  s t r a i n s ,  and 
c ra c k  i n i t i a t i o n  may co n se q u e n t ly  a c t  as  a r e l i e f  mechanism, a s  
r e p o r t e d  by Lawn and Wilshaw (1 9 7 5 a ) .
1 .1 .1 1  D i s lo c a t io n  P ile -U p
When a c r y s t a l  i s  loaded  beyond i t s  y i e l d  p o i n t ,  d i s l o c a t i o n
so u rc e s  b e g in  to  o p e ra te  and th e re b y  g iv e  r i s e  to  s l i p  on r e s t r i c t e d  
low in d e x  p la n e s  favoured  by a h ig h  component of sh e a r  s t r e s s .  I f  
th e  ou tw ard -expand ing  a r r a y s  o f  d i s l o c a t i o n s  th u s  formed become 
impeded i n  t h e i r  m otion  by some b a r r i e r ,  a p i l e  up w i l l  o ccu r  i n  
w hich m u tu a l ly  r e p u l s i v e  f o r c e s  betw een n e ig h b o u r in g  l i k e  d i s l o c a t i o n s  
g iv e  r i s e  to  th e  ty p e  o f  s t r e s s  c o n c e n t r a t i o n  in  MgO as  r e p o r t e d  by 
Ku and Jo h n s to n  (1964) .  There a r e  two p o s s i b l e  ways i n  which t h i s  
c o n c e n t r a t i o n  may be r e l i e v e d :  e i t h e r  ( i )  th e  m a t e r i a l  a d j a c e n t  to  
th e  o b s t r u c t i o n  s i t e  may i t s e l f  be induced  to  flow  p l a s t i c a l l y  
( b lu n t in g )  o r  ( i i )  th e  le a d in g  d i s l o c a t i o n  o f  th e  p i l e  up may i n t e r a c t  
to  form a n u c le u s  o f  a m ic ro c rack  as  r e p o r t e d  by J o h n s to n ,  S to k es  
and L i (1962 ) .  I n  th e  case  where th e  b a r r i e r  i s  a g r a i n  b o undary ,  
f o r  i n s t a n c e ,  one m igh t ex p e c t  th e  e a s e  w i th  which th e  g l i d e  d i s ­
l o c a t i o n s  t r a v e r s e  th e  b a r r i e r  to  d im in is h  r a p i d l y  w i th  i n c r e a s i n g  
m utual m i s o r i e n t a t i o n  o f  th e  s l i p  p la n e s  i n  a d j a c e n t  g r a i n s ,  w i t h  
an  a t t e n d a n t  t r a n s i t i o n  from th e  f i r s t  to  th e  second mechanism o f  
s t r e s s  r e l i e f  as  r e p o r te d  by Lawn and Wilshaw (1 9 7 5 a ) .
1 .2  A Review o f  S i l i c o n  C r y s ta l s  i n  Technology
1 .2 .1  P r o p e r t i e s  o f  S i l i c o n  C r y s ta l s
A ccord ing  to  Wolf (.1969) c r y s t a l l i n e  s i l i c o n  i s  found ,  s i m i l a r  
to  ca rb o n ,  i n  two m o d i f i c a t io n s :  i n  v e ry  h a rd  b la c k  o c ta h e d ra  and i n  
g rey  t e t r a h e d r a  ( s i m i l a r  to  g r a p h i t e ) . The c r y s t a l l i n e  form has  a 
s p e c i f i c  g r a v i t y  o f  2 .5 ;  i t  does n o t  change i t s  c o n s t i t u t i o n  even  
i n  oxygen. I t  i s  s o lu b le  i n  a m ix tu re  o f  HF and HNO3 to  S iF 4 . Both 
m o d i f i c a t io n s  have a m e l t in g  p o in t  o f  1417°C and v a p o r iz e  a t  h ig h  
te m p e ra tu re .
H yper-pure  s i l i c o n  can be doped w ith  e lem en ts  o f  group I I I  and 
V, e g .  B, A l,  Ga, P, As, Sb, Ta e t c .  The in c o r p o r a t io n  o f  th e s e  
e lem en ts  i n  th e  s i l i c o n  c r y s t a l  i s  e i t h e r  i n t e r s t i t i a l  o r  s u b s t i t u ­
t i o n a l .  One o f  th e  more r e c e n t  u se s  o f  s i l i c o n  and i t s  compounds 
i s  i n  sem i-co n d u c to r  te c h n o lo g y .  T h is  i s  a  r e s u l t  o f  t h e i r  o p t i c a l  
and e l e c t r i c a l  p r o p e r t i e s .  The c o n d u c t iv i ty  can be v a r i e d  over  
s e v e r a l  o rd e r s  o f  m agnitude by th e  a d d i t i o n  of  c e r t a i n  ty p e s  o f  
i m p u r i t i e s .
1 . 2 . 1 . 1  I m p u r i t i e s  i n  S i l i c o n
The a d d i t i o n  o f  o th e r  e lem en ts  to  a s i l i c o n  c r y s t a l  a f f e c t s  
m ost o f  i t s  p h y s i c a l ,  ch em ica l ,  o p t i c a l  and o th e r  p r o p e r t i e s  to  a 
d eg ree  which i s  dependen t upon th e  ty p e  o f  im p u r i ty  and i t s  d e n s i t y  
w i th  r e s p e c t  to  t h a t  o f  th e  s i l i c o n  l a t t i c e .  By ad d in g  d i f f e r e n t  
ty p e s  and amounts o f  i m p u r i t i e s  to  d i f f e r e n t  r e g io n s  o f  a sem i­
co n d u c to r  c r y s ta l , ,  one can o b ta in  r e g io n s  o f  o p p o s i te  ty p e  and 
th u s  a p -n  j u n c t i o n  which i s  th e  m e t a l l u r g i c a l  i n t e r f a c e  be tw een  
t h a t  r e g io n  which i s  p red o m in an tly  n - ty p e  and t h a t  which i s  p redom i­
n a n t l y  p - ty p e .
The a d d i t i o n  o f  im p u r i t i e s  to  a sem iconducto r  c r y s t a l  i s  
u s u a l l y  ach iev ed  by e i t h e r  o f  two m ethods: th e  a d d i t i o n  o f  e le m e n ts  
i n  th e  m e l t ,  which r e s u l t s  i n  a  u n ifo rm  im p u r i ty  d i s t r i b u t i o n  th ro u g h ­
o u t  th e  sem iconduc to r ;  o r  s o l i d  s t a t e  d i f f u s i o n ,  w hich can be  u sed  to  
m odify  th e  l o c a l  c o n d u c t iv i t y  f o r  th e  pu rp o ses  o f  d e v ic e  f a b r i c a t i o n .
The sim ple  band p r e s e n t a t i o n  o f  a sem iconduc to r  which c o n s i s t s  
o f  two ene rgy  bands ( th e  co n d u c t io n  band and th e  v a le n c e  band s e p a r a t e d
by th e  fo rb id d e n  band gap) app ly  o n ly  to  an id e a l  c r y s t a l  w i th  
i n f i n i t e  d im en s io n s .  Any d i s tu r b a n c e  o f  th e  c r y s t a l  o rd e r  by 
c r y s t a l  d e f e c t s  o r  im p u r i ty  atoms w i l l  in t ro d u c e  a d d i t i o n a l  en e rg y  
l e v e l s  e i t h e r  w i th i n  th e  fo rb id d e n  band gap o r  w i th in  th e  two b a n d s .  
I f  th e y  o ccu r  w i th i n  th e  bands th e y  have r e l a t i v e l y  l i t t l e  in f l u e n c e  
on th e  e l e c t r i c a l  b eh av io u r  o f  th e  c r y s t a l ;  b u t  i f  th e y  o ccu r  w i t h i n  
th e  band gap even sm all  q u a n t i t i e s  have a pronounced e f f e c t  on th e  
c r y s t a l  p r o p e r t i e s .
Im p u r i ty  atoms may be in c o rp o ra te d  i n  th e  c r y s t a l  on a l a t t i c e  
s i t e  i n s t e a d  o f  a r e g u la r  s i l i c o n  atom ( s u b s t i t u t i o n a l  i m p u r i t y ) ,  eg ,  
B, P , e t c .  o r  occupy a p o s i t i o n  betw een r e g u la r  s i l i c o n  atoms 
( i n t e r s t i t u a l  im p u r i ty ) ,  eg . Ni and Mg, accompanied by a c r y s t a l  
d i s t o r t i o n .  G e n e ra l ly  i n t e r s t i t i a l  im p u r i t i e s  move much more r a p i d l y  
th a n  s u b s t i t u t i o n a l  im p u r i t i e s .  The s u b s t i t u t i o n a l  d i f f u s i o n  c o e f ­
f i c i e n t  may be g r e a t l y  enhanced by th e  p re s e n c e  o f  d i s l o c a t i o n s .  Io n  
bombardment, f o r  example, may in c r e a s e  th e  d i f f u s i o n  c o e f f i c i e n t  by 
s e v e r a l  o r d e r s  o f  m agn itude . The l a t t i c e  damage caused  by v e r y  h ig h  
im p u r i ty  c o n c e n t r a t i o n  c r e a t e s  an ex c e ss  o f  l a t t i c e  v a c a n c ie s  n e a r  
t h e  d i f f u s i o n  f r o n t .
I f  no im p u r i t i e s  a r e  p r e s e n t  o r  a r e  n e g l i g i b l e  a t  a g iv e n  
te m p e ra tu re  and co n d u c t io n  e l e c t r o n s  and h o le s  have e x a c t l y  t h e  
same d e n s i t i e s ,  th e  sem iconductor i s  c a l l e d  i n t r i n s i c ;  i f  t h e  d e n s i t y  
o f  one c a r r i e r  i s  l a r g e r  th an  th e  o th e r  th e  sem iconducto r  i s  c a l l e d  
e x t r i n s i c .
1 . 2 . 1 . 2  The E l e c t r i c a l  C o n d u c t iv i ty
The e l e c t r i c a l  c o n d u c t iv i ty  ( th e  in v e r s e  of r e s i s t i v i t y )  o f  
m e ta l s  i s  a p p ro x im a te ly  w i th in  th e  same o rd e r  of m agnitude  because  
th e  number o f  co n d u c tio n  e l e c t r o n s  p e r  u n i t  volume i s  f i x e d  by n a t u r e  
and canno t be a f f e c t e d  by im p u r i ty  d op ing .  Because o f  th e  n e u t r a l i t y  
p r i n c i p l e ,  th e  number o f  m obile  co n d u c t io n  e l e c t r o n s  i s  e q u a l  to  th e  
number o f  th e  f ix e d  p o s i t i v e  m e ta l  io n s .
In  a sem iconducto r  th e  s i t u a t i o n  i s  q u i t e  d i f f e r e n t .  H ere we have 
b o th  m obile  n e g a t iv e  c a r r i e r s  ( e l e c t r o n s )  as  w e ll  a s  m ob ile  p o s i t i v e  
c a r r i e r s  ( h o l e s ) .  C o n tra ry  to  m e ta l s ,  th e  c o n d u c t iv i t y  o f  semi­
c o n d u c to rs  can  be v a r i e d  over a wide r a n g e ,  and i s  a  f u n c t i o n  o f  t h e  
im p u r i ty  c o n t e n t .  In  th e  most e le m e n ta ry  c a s e ,  each, o f  t h e  im p u r i ty  
atoms which have been added to  th e  sem iconducto r  Cie. each  donor o r  
a c c e p to r )  w i l l  be io n i z e d .
The c o r re sp o n d in g  c a r r i e r  g e n e r a t io n  can  be d e s c r ib e d  as  
fo l lo w s
a .  N -type sem iconductor  (co n d u c t io n  by e l e c t r o n s )
Donor ( f ix e d )  Donor + ( f ix e d )  + e l e c t r o n  ( m o b i l e )
I f  a l l  donors  a r e  io n i z e d ,  th e n  th e  donor c o n c e n t r a t i o n  
i s  e q u a l  to  th e  m obile  e l e c t r o n  c o n c e n t r a t i o n .
b .  P - ty p e  sem iconductor  (c o n d u c t io n  by h o le s )
_  4.
A ccep to r  ( f ix e d )  -> A ccep tor  ( f ix e d )  + h o le  (m ob ile)
I f  a l l  a c c e p to r s  a r e  io n iz e d  th e n  th e  a c c e p to r  c o n c e n t r a t i o n  
i s  e q u a l  to  th e  m obile  h o le  c o n c e n t r a t i o n .
The sem iconducto r  c o n d u c t iv i t y  can ,  i n  a d d i t i o n  to  th e  p re s e n c e  
o f  im p u r i ty  atom s, be a f f e c t e d  by l i g h t  and the rm al g e n e r a t i o n .  In  
b o th  c a s e s  e l e c t r o n s  as w e l l  as  h o le s  a r e  g e n e ra te d  a t  th e  same r a t e ,  
i e .  due to  an in c r e a s e  i n  en e rg y .  Some v a le n c e  e l e c t r o n s  a r e  r e ­
moved from th e  sem iconductor  atoms and become m obile  e l e c t r o n s  l e a v in g  
beh in d  m ob ile  h o l e s .  T h is  p ro c e s s  i s  c a l l e d  g e n e r a t io n ,  th e  r e v e r s a l  
i s  c a l l e d  re c o m b in a t io n .  In  e q u i l ib r iu m ,  g e n e r a t io n  r a t e  and r e ­
com bina tion  r a t e  a r e  e q u a l .
1 . 2 .2  C r y s ta l  Growing Techniques
Many c r y s t a l  p r o p e r t i e s  a r e  dependen t on th e  o rd e re d  p e r i o d i c
arrangem en t o f  th e  atoms on a l a t t i c e .  Very few m a t e r i a l s  o ccu r
n a t u r a l l y  a s  l a r g e  pure  s in g l e  c r y s t a l s ,  and th u s  c r y s t a l s  f o r
r e s e a r c h  and use  i n  s o l i d  s t a t e  e l e c t r o n i c  d e v ic e s  have to  be grown
s y n t h e t i c a l l y .  N a tu ra l  c r y s t a l s  c o n ta in  many i m p u r i t i e s ,  b u t  i n
th e  s y n t h e t i c  p ro c e s s  one can s t a r t  w i th  v e ry  p u re  m a t e r i a l  ( im p u r i ty
9c o n te n t  l e s s  th a n  one p a r t  i n  1 0 ')  and add known i m p u r i t i e s  a s  d e s i r e d  
to  in c r e a s e  a s p e c i f i c  p r o p e r ty  o f  th e  c r y s t a l  such  as  e l e c t r i c a l  
c o n d u c t iv i t y  r e p o r te d  by Rudden and W ilson (1971 ) .  T here  a r e  two 
commonly used  methods f o r  growing c r y s t a l s ;  th e s e  a r e  th e  C z o c h ra ls k i  
and F lo a t in g -z o n e  te c h n iq u e s .
1 . 2 .2 . 1  The C z o c h ra ls k i  Technique
The C z o c h ra ls k i  method r e p o r te d  by C z o c h ra lsk i  (1918 );  T ea l  
and B ueh ler  (1952); Rudden and W ilson (1971 ); de Kock (1 9 7 3 ) ,  i s  
commonly used  f o r  growing s i l i c o n  s in g le  c r y s t a l s .  A t y p i c a l  
a rrangem en t i s  shown i n  F ig .  ( 1 . 3 ) .  The f i r s t  s te p  i s  to  m e l t
p o l y e r y s t a l l i n e  s i l i c o n  in  a c r u c i b l e .  T h is  c r u c i b l e  i s  o f t e n  a 
h o le  i n  a g r a p h i t e  b lo c k  o r  a c r u c i b l e  o f  a s i l i c a  m a t e r i a l  may 
be p la c e d  i n s i d e  th e  g r a p h i t e  which can be h e a te d  w ith  a r e s i s t a n c e  
h e a t in g  o r  a h ig h  f req u en cy  in d u c t io n  c o i l .  The r e q u i r e d  amount o f  
dope i s  added to  th e  m e l t .  A t h i n  seed  c r y s t a l  i s  d ipped  i n t o  a 
c r u c i b l e  o f  th e  m olten  m a t e r i a l .  A sm all  p o r t i o n  o f  th e  seed  i s  
i n t e n t i o n a l l y  m e lted  to  en su re  t h a t  th e  m e l t  w ets  th e  s e e d .  The 
te m p e ra tu re  i s  th e n  lowered arid th e  seed  s lo w ly  w ithdraw n from th e  
m e l t  i n  th e  upward d i r e c t i o n .  T h is  r e s u l t  i n  s o l i d i f i c a t i o n  o f  
s i l i c o n  a t  th e  s o l i d - l i q u i d  i n t e r f a c e  i n  th e  same s i n g l e  c r y s t a l l i n e  
form and o r i e n t a t i o n  as  t h a t  o f  th e  se e d .  The c r y s t a l  d ia m e te r  can  
be in c r e a s e d  by low ering  th e  te m p e ra tu re  o f  th e  m e l t .  C r y s t a l s  w i th  
l a r g e  d ia m e te rs  can be grown in  t h i s  way. Both th e  c r y s t a l  and th e  
c r u c i b l e  a r e  g e n e r a l ly  r o t a t e d  i n  o rd e r  to  m inim ize th e rm a l  a sy m m etr ie s .  
The c r y s t a l  th u s  a c q u i r e s  th e  shape o f  a r e g u l a r  c y l in d e r  w h i le  th e  
s t i r r i n g  o f  th e  m e lt  due to  th e  r o t a t i o n  cau ses  a more s i l i c o n  homo­
geneous dope d i s t r i b u t i o n  in  th e  as-g row n s i l i c o n .  T h is  c r y s t a l -  
g row th method, however, has  one g r e a t  d i s a d v a n ta g e .  Because m o l te n  
s i l i c o n  i s  c h e m ic a l ly  v e ry  r e a c t i v e ,  th e  d i r e c t  c o n t a c t  betw een  th e  
m e l t  and th e  w a l l  o f  th e  c r u c i b l e  cau se s  c o n ta m in a t io n  o f  th e  m e l t .
T h is  r e s u l t s  i n  a r e l a t i v e l y  h ig h  oxygen c o n c e n t r a t i o n  i n  th e  m e l t .  
M oreover, th e  c r u c i b l e  i t s e l f  i s  u s u a l l y  h e a te d  by means o f  a  c a rb o n  
e lem en t i n  th e  case  o f  r e s i s t a n c e  h e a t in g  o r  by a ca rbon  s u s c e p to r  
i f  h ig h  f req u en cy  h e a t in g  i s  u s e d .  T h is  c au ses  carbon  c o n ta m in a t io n  
o f  th e  m e l t .  C onsequen tly ,  h ig h  amounts o f  oxygen and ca rb o n  a r e  
in c o rp o r a te d  i n  th e  growing c r y s t a l .  To e l im i n a t e  t h i s  c o n ta m in a t io n ,  
c r u c i b l e  -  l e s s  c r y s t a l  -  growth, m ethods, known a s . f l o a t i n g - z o n e
t e c h n iq u e ,  can  be u sed .
1 . 2 . 2 . 2  The F lo a t in g -Z o n e  Method
The F-Z method i s  a m o d i f i c a t io n  o f  th e  C-Z m ethod, im p u r i t i e s  
such  a s  oxygen and carbon can be a v o id ed .  S e v e ra l  v e r s io n s  o f  t h i s  
te c h n iq u e  e x i s t ,  one o f  th e s e  i s  known as  th e  p e d e s t a l  p u l l i n g  method 
(Dash, 1960; de Kock, 1973). A t y p i c a l  a rrangem ent i s  shown i n  F ig .  
1 .4 .
The s t a r t i n g  m a t e r i a l  p re p a re d  i n  th e  form o f  a p o l y c r y s t a l l i n e  
ro d  i s  h e ld  v e r t i c a l l y  i n  th e  f u r n a c e .  The top  o f  a v e r t i c a l  p o ly ­
c r y s t a l l i n e  s i l i c o n  rod  i s  m e lted  w i th  th e  a id  o f  a w a te r - c o o le d  
h ig h  f req u en cy  in d u c t io n  c o i l .  Low r e s i s t i v i t y  s i l i c o n  can  be m e lte d  
d i r e c t l y ,  w h ile  i n  th e  case  o f  h ig h  r e s i s t i v i t y  m a t e r i a l  th e  p e d e s t a l  
has  to  be p re h e a te d  i n  a n o th e r  way b e f o r e  s u f f i c i e n t l y  s t r o n g  eddy 
c u r r e n t s  can  be g e n e ra te d  i n  th e  ro d .  Because o f  th e  low d e n s i t y  
o f  m o l ten  s i l i c o n  (2 .4 2  gm/cm^) and i t s  h ig h  s u r f a c e  t e n s i o n  (720 
d y n es /cm ),  t h i s  m e lt  i s  e a s i l y  k e p t  i n  p o s i t i o n .
A seed  i s  d ipped  i n t o  th e  m e l t  from above. A s i n g l e  c r y s t a l  
i s  s u b s e q u e n t ly  grown by slow w ith d raw a l o f  th e  se e d .  The d ia m e te r  
o f  th e  growing c r y s t a l  can be in c re a s e d  by d e c r e a s in g  t h e  e n e rg y  o f  
th e  a p p l ie d  e l e c t ro m a g n e t i c  f i e l d .  The maximum d ia m e te r  w i l l  alw ays 
he s m a l le r  th a n  t h a t  o f  th e  p o l y c r y s t a l l i n e  rod  u se d .  To keep  th e  
m e l t  s t a t i o n a r y  in  r e l a t i o n  to  th e  h ig h  f req u en cy  c o i l  th e  p e d e s t a l  
i s  a l s o  moved upward. The speed o f  th e  p e d e s t a l  i s  d e te rm in e d  by 
th e  c r y s t a l  growth r a t e  and th e  d i f f e r e n c e  i n  d ia m e te r  betw een th e  
c r y s t a l  and th e  p e d e s t a l .
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Fig. 1.4  The Floating-zone crystal growing method
Both th e  seed and th e  p e d e s ta l  a r e  r o t a t e d  around t h e i r  y e r t l e a l  
axes  i n  o rd e r  to  reduce  th e rm al asym m etries  in  th e  sy s tem . T h is  
grow th p ro c e s s  can  be c a r r i e d  o u t  i n  a w a te r - c o o le d  m e ta l  b e l l - j a r  
o r  i n  a q u a r t z  tu b e .  In  th e  l a t t e r  c ase  th e  h ig h  f r e q u e n c y - c o i l  i s  
u s u a l l y  lo c a te d  o u t s id e  th e  tu b e .  P e d e s ta l  p u l l e d  c r y s t a l s  a r e  
g e n e r a l l y  grown i n  vacuum o r  i n  an i n e r t - g a s  a tm osphere  ( p u r i f i e d  
Ar o r  H e). I n  t h i s  c r u c i b l e  -  l e s s  c r y s t a l  -  grow th p r o c e s s ,  th e  
m e lt  i s  i n  d i r e c t  c o n ta c t  w i th  s i l i c o n  o n ly .  C o n seq u en tly ,  s e v e re  
c o n ta m in a t io n  by unwanted im p u r i t i e s  such as  oxygen and ca rb o n  can 
be avo ided  (Keck and van Horn, 1953). The f i n a l  im p u r i ty  c o n te n t  
w i l l  be de te rm ined  by th e  p u r i t y  o f  th e  a tm osphere u sed  and t h a t  
o f  th e  p o l y c r y s t a l l i n e  s t a r t i n g  m a t e r i a l .
1 .2 .3  C r y s ta l lo g r a p h ic  O r i e n t a t i o n  S p e c i f i c a t i o n  f o r  S i l i c o n  S l i c e s
I n  view o f  th e  d i f f e r e n t  methods used  i n  th e  sem iconduc to r  
i n d u s t r y  f o r  d e s c r ib i n g  and s p e c i f y in g  s l i c e  o r i e n t a t i o n  and s l i c e  
r e f e r e n c e  f l a t s ,  i t  would appear  t h a t  th e  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  
i s  one o f  th e  l e a s t  u n d ers to o d  s l i c e  p a ra m e te r .
An u n d e r s ta n d in g  o f  th e  c r y s t a l l o g r a p h i c  n o m e n c la tu re  and an 
a n a l y s i s  o f  th e  in f lu e n c e  o f  th e  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  on 
p ro c e s s  p a ra m e te rs  can r e s u l t  i n  a c o n c is e  s p e c i f i c a t i o n  w i th  a  
un ique  s o l u t i o n ,  and c o n seq u en t ly  th e  c r y s t a l l o g r a p h y  n o m e n c la tu re ;  
M i l l e r  i n d i c e s ,  th e  c r y s t a l  s t r u c t u r e  o f  s i l i c o n ,  th e  s t e r e o g r a p h i c  
p r o j e c t i o n  and th e  in f lu e n c e  o f  th e  o r i e n t a t i o n  on th e  d e v ic e  f a b r i ­
c a t i o n  w i l l  be d e a l t  w i th  s u c c e s s iv e l y .
The c u b ic  u n i t  c e l l  i s  th e  s m a l l e s t  r e p e a t i n g  u n i t  i n t o  w hich
a c u b ic  c r y s t a l  can be d iv id e d  (F ig .  ( 1 .5 a )  o f  th e  f a c e - c e n te r e d  
c u b ic  u n i t  c e l l ) ,  to  s tudy  th e  s t r u c t u r e  o f  c r y s t a l  i t  i s  a p p ro ­
p r i a t e  to  d e f in e  d i r e c t i o n s  and p la n e s  based  on one r e f e r e n c e  p o i n t  
w i th  th e  u n i t  c e l l .  F ig .  (1 .5b )  shows t h a t  th e  r e f e r e n c e  c o o r d in a te s  
o r i g i n a t e  a t  one c o rn e r  o f  th e  u n i t  c e l l ,  th e  p o in t  0 , 0 , 0 .  When 
d e a l in g  w i th  a s i n g l e  c r y s t a l ,  i t  becomes u s e f u l  to  d e f in e  p la n e s  
w i t h i n  one l a t t i c e  c o n ta in in g  group o f  a tom s. These c r y s t a l l o g r a p h i c  
p la n e s  a re  d e s c r ib e d  by M i l l e r  in d i c e s  (R osenberg , 1975) .
1 . 2 . 3 . 1  M i l l e r  I n d ic e s
I t  i s  n e c e s s a ry  to  have a system  of n o t a t i o n  f o r  th e  f a c e s  
o f  a c r y s t a l  and f o r  th e  p la n e s  w i th in  a c r y s t a l  o r  space l a t t i c e ,  
t h a t  w i l l  s p e c i f y  o r i e n t a t i o n  w i th o u t  g iv in g  p o s i t i o n  s p a c e .
M i l l e r  in d i c e s  a r e  u n i v e r s a l l y  used  f o r  t h i s  p u rp o s e ,  th e s e  
i n d i c e s  a r e  based  on th e  i n t e r c e p t s  o f  a  p la n e  w ith ,  th e  c r y s t a l l o ­
g r a p h ic  a x e s ,  th e  i n t e r c e p t  b e in g  measured i n  term s o f  t h e  d im en s io n s  
o f  th e  u n i t  c e l l ,  w hich a r e  th e  u n i t  d i s t a n c e s  a lo n g  th e  t h r e e  a x e s .  
M i l l e r  in d i c e s  a r e  th e  r e c i p r o c a l s  o f  th e  i n t e r c e p t s  o f  t h e  p la n e  
w ith  th e  x ,y  and z a x i s  reduced  to  th e  s m a l l e s t  i n t e g e r s  h av in g  th e
same r a t i o .  The p la n e  i n t e r s e c t i n g  th e  x , y  and z a t  th e  u n i t
. .  I  l  ld i s t a n c e s  d e s c r ib e d  by M i l l e r  i n d i c e s  a s  y ,  y ,  y  o r  1 ,1 ,1  and th e
p la n e  i s  c a l l e d  (111) p la n e .  When th e  p la n e  i n t e r s e c t i n g  th e  x - a x i s  
a t  th e  u n i t  d i s t a n c e  and p a r a l l e l  t o  th e  y and z a x i s ,  i t  h a s  i n t e r ­
c e p t s  a t  l , 00, 00 th e  M i l l e r  in d i c e s  a r e  d e f in e d  a s  y ,  ^  o r  1 , 0 ,0  
and th e  p la n e  i s  c a l l e d  (100) p la n e .  S i m i l a r l y  th e  p la n e  w i th  i n t e r ­
c e p t s  a t  1 , 1,5  i s  th e  ( 112) p la n e ,  a l s o  th e  p la n e  w ith , i n t e r c e p t s  a t
F ig .l .  5a The Face-centered cubic unit cell
[001] [111]
000
[010]
[100] [110]
F ig .l .  5b The directions in cubic lattice
1 , 1 ,00 is the (110) plane. See Fig. (1 .6 )  for Miller indices of 
the most important planes.
In the crystallographic notation of planes and directions 
different sorts of brackets are used for planes:
i. Parentheses (hk&) around Miller indices indicate 
a plane or set of parallel planes.
ii. Curly brackets {hk£} signify planes which are 
equivalent in the crystal, for example, the faces 
of a cubic crystal {100} are (100), (CIO), (001),
(100), (010) and (001), the eight {111} planes 
form an octahedron are (111), (111), (111), (.111)
(1 1 1 ) , (1 1 1 ) , (111) and ( 1 1 1 ). The bar above 
indicates that the plane cut the axis on the 
negative side of the origin, so the corresponding 
index is negative.
iii. Square brackets [hkjl] indicate the directions 
which are normal to the (hk£) planes and for 
general directions the angular brackets used 
<hk£>
The Miller index system enables the spacings between adjacent 
planes to be calculated very easily. For example, in the cubic 
system with a unit cell dimension of a, the spacing d between the 
{hk£} planes is
(100) (110)
(112) (Oil)
(HI) a =  b =  c a = j3 =  y =  90
x
Fig 1 .6  Miller indices of the most important planes 
in a cubic system
d = a / ( h 2+k2+&2) 2
The an g le  cj> between two p la n e s  Cor d i r e c t i o n s )  i n  a c u b ic  
system  w i th  in d i c e s  and ^£^2^2 S^ven by
h 1h2+k1k 2+ ^ i^2
cos<f) = ------------------ j------ ------- — r
(h2+k2+£2) H h 2+k2+£2) 5
The m ost im p o r ta n t  p la n e s  a r e  th o s e  w i th  low index  numbers and th e s e  
a r e  th e  ones which a r e  th e  most w id e ly  sp aced .
1 . 2 . 3 . 2  C r y s t a l - S t r u c t u r e  o f  S i l i c o n
S i l i c o n  c r y s t a l l i z e s  w i th  th e  diamond l a t t i c e  s t r u c t u r e .  The 
diamond s t r u c t u r e  i s  shown i n  F ig .  1 .7  may be c o n s id e re d  as  c o n s i s t i n g  
o f  two i n t e r p e n e t r a t i n g  fa c e  c e n te re d  cu b ic  l a t t i c e s  which have been  
d i s p la c e d  r e l a t i v e  to  each o th e r  o n e - q u a r t e r  o f  th e  way a lo n g  a cube 
d ia g o n a l .  As a r e s u l t ,  each atom i s  su rrounded  by fo u r  e q u i d i s t a n t  
n e ig h b o u rs  a t  th e  c o rn e r  o f  a r e g u la r  t e t r a h e d r o n  -  e i g h t  atoms i n  
th e  u n i t  c e l l  hav ing  c o o r d in a te s :
000 ; 2®kl 24®!
1 1 1 . 1 3 3 . 3 1 3 . 3 3 1
4 4 4  J  4  4  4 )  4 4 4 J  4 4 4 *
The c o o r d in a t io n  number i s  f o u r  w i th  an in t e r a to m ic  d i s t a n c e  
/ f a ,  where a i s  th e  u n i t  c e l l  d im ension  (a  = 3 .57 A° o f  diamond; 
a  = 5 .4 3  A° o f  s i l i c o n ;  a = 5 .66  A° o f  germanium; T a y lo r ,  1961 ) .
So t h a t  th e  r e s p e c t iv e  o r i g i n s  o f  th e  diamond s t r u c t u r e  a r e  
th e  l a t t i c e  p o in t s  0 , 0 ,0  and The r e s u l t i n g  u n i t  c e l l  i s
Fig. 1 .7  The Diamond Structure 
(After Taylor, 1961)
(b) (c)
(a)
Fig. 1.8  The crystal structure of diamond
(a) is  a plan on (001) of the structure which 
has a cubic F-lattice with silicon atoms at 
0 ,0 ,0 , etc.
(b) and (c) are stereograms of the interatomic 
vectors of nearest neighbours from the silicon  
atoms at 0, 0, 0 and i, i  respectively. (After 
D. McKie and C.Mckie, 1974)
composed o f  18 atom s, 8 a t  th e  cube c o r n e r s ,  6 a t  th e  c e n t r e  o f  
t h e  cube f a c e s  and 4 a s s o c ia t e d  w i th  th e  second superim posed  cube 
( K i t t e l ,  1966).
I t  i s  e v id e n t  from th e  p la n  o f  th e  diamond s t r u c t u r e ,  F ig ,
. 1 . 8 , t h a t  e v e ry  s i l i c o n  atom i s  i n  fo u r  f o ld  c o o r d in a t io n ,  i t s  
n e a r e s t  n e ig h b o u rs  ly in g  a t  th e  a p ic e s  o f  a r e g u la r  t e t r a h e d r o n ,
But t h e r e  i s  a d i s t i n c t i o n  between th e  fo u r  s i l i c o n  atoms r e l a t e d  
by F - t r a n s l a t i o n  to  t h a t  a t  0 , 0 ,0  and th e  fo u r  r e l a t e d  to  th e  
s i l i c o n  atom a t  i n  th e  o r i e n t a t i o n  o f  t h e i r  c o o r d in a t io n
t e t r a h e d r a ;  th e  in t e r a to m ic  v e c t o r s  r a d i a t i n g  from 0 , 0 ,0  and l i k e  
atoms a r e  d isp o s e d  p a r a l l e l  to  [ 111] ,  [ 111] ,  [ 111] and [ i l l ]  w hereas  
th o s e  r a d i a t i n g  from and l i k e  atoms a re  d isp o se d  p a r a l l e l  t o
[1 1 1 ] ,  [1 1 1 ] ,  [111] and [ i l l ]  (see  McKie and McKie, 1974).
McKie and McKie (1974) n o ted  t h a t ,  a l th o u g h  th e  env ironm ent 
o f  e v e ry  s i l i c o n  atom i n  th e  s t r u c t u r e  i s  th e  same, th e  O r i e n t a t i o n  
o f  t h i s  env ironm ent i s  o f  two k in d s  depending  on w h e th e r  th e  atom 
i n  q u e s t i o n  i s  r e l a t e d  by l a t t i c e  t r a n s l a t i o n  to  th e  atom o f  th e  
r e p e a t  u n i t  a t  th e  o r i g i n  0 , 0 ,0  o r  to  t h a t  a t
I n  th e  s i l i c o n  l a t t i c e  th e  p la n e s  c o n ta in in g  m ost o f  th e  
atoms (most d e n s e ly  packed p la n e s )  a r e  th e  {111} p l a n e s .  The bond ing  
betw een atoms i n  a d j a c e n t  p a r a l l e l  {111} p la n e s  i s  r e l a t i v e l y  weak 
( lo n g  bond l e n g t h ) .  This  le a d s  to  th e  fo l lo w in g  p r o p e r t i e s  o f  
s i l i c o n  s i n g l e  c r y s t a l s  r e p o r te d  by Townley (1973).
1. C r y s ta l  growth p e r p e n d ic u la r  to  {111} p la n e s  p ro c e e d s  
s low er  th an  in  o th e r  d i r e c t i o n s .
2. F r a c tu r i n g  o ccu rs  a long  {111} p la n e s  (weak bonds 
b re a k  e a s i l y ) .
3. P r e f e r e n t i a l  e t c h in g  exposes  {111} f a c e s .
When a c r y s t a l  i s  grown i n  th e  [111] d i r e c t i o n ,  grow th p ro cee d s  
l a t e r a l l y  ( f a s t  growth d i r e c t i o n ) , because  atoms a r e  added on to  
th e  (111) i n t e r f a c e .  Growth p ro g re s s e s  s lo w e s t  p e r p e n d ic u la r  to  
th e  i n c l i n e d  {111} p la n e s ,  (111) ,  C H I) and (111) r e s u l t i n g  in  
t h r e e  growth l i n e s  120° a p a r t  Csee F ig s .  1 .1 1 a  and 1 ,1 1 b ) .  S l i c e s  
c u t  p e r p e n d ic u la r  to  th e  c r y s t a l  a x i s ,  w i l l  b r e a k  p r e f e r e n t i a l l y  
on th e s e  i n c l i n e d  {111} p la n e s  ( n a tu r a l  b re a k  p l a n e s ) ,
1 , 2 .3 .  3 The S t e r e o  g ra ph i c • P r o j e c t i o n
The s te r e o g r a p h ic  p r o j e c t i o n  has  a g r e a t  v a lu e  i n  th e  s tu d y  
o f  s o l i d s  i n  c r y s t a l l o g r a p h y .  I t  e n a b le s  a n g u la r  r e l a t i o n s h i p s  
betw een p la n e s  and d i r e c t i o n s  of th e  t h r e e  d im en s io n a l  to  be 
r e p r e s e n t e d  on a f l a t  s u r f a c e  (p la n a r  mode).
T ay lo r  (1961) assumed t h a t  a c r y s t a l  o f  n e g l i g i b l y  sm a l l  
d im ensions  i s  s i t u a t e d  a t  th e  c e n t r e  o f  a  s p h e re ,  commonly r e f e r r e d  
to  a s  th e  p o l a r  sphe re  o r  r e f e r e n c e  sp h e re .  The p la n e  A may be 
r e p r e s e n te d  on th e  s u r f a c e  o f  th e  sp h ere  by th e  p o i n t  o f  i n t e r s e c t i o n ,  
o r  p o le  o f  i t s  normal a t  N (see  F ig .  1 .9 a ) .  The p la n e  may be im agined 
to  ex ten d  u n t i l  i t  c u t s  th e  sphere  i n  th e  g r e a t  c i r c l e  PQR w hich a l s o  
may be used to  r e p r e s e n t  th e  p la n e .
The an g le  <}> between two c r y s t a l l o g r a p h i c  f a c e s  A and B may be 
m easured i n  d e g re e s  a long  th e  a r c  o f  th e  g r e a t  c i r c l e  betw een th e
p o le s  N, M o f  th e  norm als  to  A and B r e s p e c t i v e l y .
I f  th e  f a c e s  o f  th e  c r y s t a l  a r e  p r o j e c t e d  onto  th e  s u r f a c e
o f  th e  r e f e r e n c e  sphe re  as  g r e a t  c i r c l e s ,  th e n  th e  c i r c l e s  w i l l
i n t e r s e c t  each  o th e r  a t  th e  same an g le  as  do th e  f a c e s  o f  t h e  
c r y s t a l  ( s e e  F ig .  1 .9 b ) .  The a r r a y  o f  p o le s  formed on th e  s u r f a c e  
o f  th e  r e f e r e n c e  sphere  by th e  norm als  to  th e  c r y s t a l  f a c e s  i s  
r e f e r r e d  to  a s  th e  s p h e r i c a l  p r o j e c t i o n .  The p r i n c i p a l  o f  dep­
r i v i n g  th e  s te r e o g r a p h ic  p r o j e c t i o n  from i t  i s  shown i n  F ig .  1 .1 0 .
P and P* a r e  th e  " n o r th "  and " so u th "  p o le s  r e s p e c t i y e l y  o f  
th e  r e f e r e n c e  sp h e re ,  BMB1 i t s  " e q u a to r " ,  0 i t s  c e n t r e .  I f  we 
make a s t e r e o g r a p h ic  p r o j e c t i o n  o f  a f a c e  p o le  (X) on th e  s u r f a c e
o f  th e  sp h e re ,  th e  p r o j e c t i o n  i s  made downward tow ards th e  " s o u th "
p o le  by draw ing a l i n e  from fa c e  p o le  (X) to  th e  " s o u th ” p o le  P T, 
t h i s  l i n e  c u t s  th e  e q u a t o r i a l  p la n e  a t  a p o i n t  (X1) w hich  i s  th e  
s t e r e o g r a p h ic  p r o j e c t i o n  o f  th e  p o le  X (s e e  F ig .  1-. 101,
The s t e r e o g r a p h ic  p r o j e c t i o n  o f  any p o i n t  in  th e  u p p e r  hemi­
sp h e re  w i l l  l i j i e  w i th i n  th e  c i r c l e  formed by th e  i n t e r s e c t i o n  o f  
th e  sp h ere  w i th  th e  e q u a t o r i a l  p l a n e .  T h is  c i r c l e  i s  o f t e n  r e f e r r e d  
to  a s  th e  p r i m i t i v e  o r  r e f e r e n c e  c i r c l e  o f  th e  s te re o g ra m .  A lso  th e  
s t e r e o g r a p h ic  p r o j e c t i o n  o f  f a c e  p o le s  i n  t h e  lower h em isphere  w i l l  
be p r o j e c t e d  upwards tow ards th e  " n o r th !1 p o le  P on to  th e  same 
e q u a t o r i a l  p la n e  to  avo id  th e  p r o j e c t i o n  o f  th e  p o le s  o u t s i d e  th e  
p r i m i t i v e  c i r c l e .  However, a p l a n a r  mode o f  th e  d e s i r e d  s i l i c o n  
s l i c e  p la n e  i s  much more d e s c r i p t i v e  when s tu d y in g  s l i c e  p r o c e s s i n g .
A p la n a r  mode ( s t e r e o g r a p h ic  p r o j e c t i o n )  can be g e n e ra te d  by c h o o s in g
F ig .l .
F ig .l .
(a) Representation of a plane by a pole, N, 
or great circle, PQR, upon the reference 
sphere
(b) Angle $ between two planes measured 
along arc of great circle or by the inter­
section of the great circles PQR, SQT
(After Taylor, 1961)
P
B’
Stereographic projection
XT is the projection of the pole X upon
the reference circle B’MBB*
(After Taylor, 1961)
t h e  d e s i r e d  p o le  o f  th e  sphere  as  shown in  F ig .  1 .1 0 .
I f  a  s i l i c o n  c r y s t a l  i s  grown i n  th e  [111]  d i r e c t i o n ,  th e  
p r o j e c t i o n  cou ld  r e p r e s e n t  a s l i c e  c u t  p e r p e n d ic u la r  to  th e  c r y s t a l  
a x i s .  The c u t - o u t  F ig s .  1 .11a  and 1.11b a r e  s t e r e o g r a p h ic  p r o j e c t i o n s  
o f  th e  (111) and (111) p l a n e s .  These p r o j e c t i o n s  r e p r e s e n t  th e  
f a c e s  o f  a s l i c e  c u t  from a [111] c r y s t a l .  F ig s .  1 ,1 1 a  and 1 ,1 1 b ' 
i n c lu d e  c r y s t a l  growth l i n e s ,  e t c h  f i g u r e s , ,  o p t i c a l  r e f l e c t i o n  
p a t t e r n s  and n a t u r a l  b reak  p la n e s .
1. 2 .3 .4  S l i c e  P ro cess
The s in g le - c r y s ta .1  i n g o t s ,  p re p a re d  by a C z o c h ra ls k i  c r y s t a l  
growing te c h n iq u e ,  o r  a F lo a t in g -z o n e  c r y s t a l  growing t e c h n iq u e ,  a r e  
betw een 1" to  2" in  d ia m e te r  and s e v e r a l  in c h e s  i n  l e n g th .  The 
s i l i c o n  s i n g l e - c r y s t a l  in g o t  i s  sawed i n t o  s l i c e s  ( t y p i c a l l y  0 .0 1 0  inch, 
th i c k )  by means o f  d iam ond-im pregnated  saws.
Each s l i c e  i s  lapped  u n t i l  i t  i s  smooth and f l a t .  The m ost 
commonly used  a b r a s iv e s  f o r  p ro d u c t io n  la p p in g  of c r y s t a l s  a r e  t h e  
v a r io u s  forms o f  aluminium o x id e ,  s i l i c o n  c a r b i d e ,  and n a t u r a l  
g a r n e t .  Diamond, b o ron ,  tu n g s te n  c a r b i d e s ,  and b o ron  n i t r i d e  a r e  
a l s o  u sed  f o r  s p e c i a l  a p p l i c a t i o n s  where t h e i r  r e l a t i v e l y  h ig h  c o s t  
i s  a c c e p ta b l e .  Lapping p rece d es  p o l i s h i n g  and th e  q u a l i t y  o f  a 
p o l i s h e d  s u r f a c e  i s  l a r g e l y  dependent on th e  la p p in g  p r o c e s s ,  The 
s e l e c t i o n  o f  la p p in g  a b r a s iv e s ,  a d d i t i v e s ,  sp e e d s ,  and many o th e r  
f a c t o r s  p la y  an im p o r ta n t  r o l e  i n  t h e  c o n t r o l l e d  s to c k  rem oyal p r o c e s s .
A f te r  c l e a n in g ,  th e  s u r f a c e  i s  e i t h e r  e tc h e d  o r  m e c h a n ic a l ly  
p o l i s h e d  to  remove any p o r t i o n  o f  t h e  s l i c e  s u r f a c e  i n  which, th e
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c r y s t a l  s t r u c t u r e  has  been damaged by th e  la p p in g  o p e r a t i o n .  E tched  
s u r f a c e s  a r e  g e n e r a l l y  c o n s id e re d  to  be more n e a r l y  p e r f e c t  on a 
m ic ro s c o p ic  s c a l e ,  b u t  on a m acroscop ic  s c a l e  a w e l l  m e c h a n ic a l ly  
p o l i s h e d  s l i c e  i s  s u p e r io r .
Sometimes a p ro c e s s  i s  used t h a t  combines th e  a d v a n ta g e s  o f  
e t c h in g  and m echan ica l p o l i s h i n g .  For i n s t a n c e ,  i n  e l e c t r o c h e m ic a l  
e t c h in g  th e  r e s u l t i n g  s u r f a c e  has a f l a t n e s s  com parable to  t h a t  
ach iev ed  by m echan ica l  p o l i s h i n g  and th e  p e r f e c t i o n  ac h ie v e d  by 
e t c h in g .  The r e l a t i v e l y  high, c o s t  o f  t h i s  p ro c e s s  may, however, 
be o b j e c t i o n a b l e .
The s im p le s t  p ro c e d u re  i s  to  etch , th e  s u r f a c e  a f t e r  c l e a n in g  
i n  a  p o l i s h i n g  chem ica l etch , such  as  n i t r i c  and h y d r o f lu o r i c  a c i d .
A m o d e ra to r ,  such as  a c e t i c  a c i d ,  may be added to  th e  e t c h  ( D o y l e ,  1966)
1 .2 .3 . 5  O r i e n t a t i o n  E f f e c t s  of S l i c e s  on D evice F a b r i c a t i o n
Townley (1973) r e p o r te d  t h a t  th e  o r i e n t a t i o n  e f f e c t s  on d e v ic e  
f a b r i c a t i o n  can be d iv id e d  in t o  two m ajor c a t e g o r i e s :
a .  E f f e c t s  a s s o c ia t e d  with, th e  p h y s ic a l  s t r e n g t h  o f  t h e  
s l i c e  when i t  i s  s c r ib e d  w i th  diamond and b roken  i n t o  
i n d i v id u a l  d ev ice  d i c e .
b .  E f f e c t s  a s s o c i a t e d  w ith  e p i t a x i a l  d e p o s i t i o n  and m u l t i  
l a y e r  a l ig n m e n t .
F ig u re  1 .12  shows th e  d e s i r e d  s c r i b e  d i r e c t i o n  from l e f t  to  r i g h t  
r e l a t i v e  to  th e  e t c h  f i g u r e ,  which i s  hounded by t h e  (1 1 1 ) ,  (111) and 
(111) p la n e s .  The f i r s t  s c r ib e  l i n e  shou ld  b e  i n  th e  d i r e c t i o n  o f  th e
(110) refo flat
Etch figure 
bounded by 
{ill}  planes, 
natural 
break planes
I l f either direction
Scribe directions
only from left
to right ----------- ——----------- ^
Fig. 1.12 Preferred scribe directions for (111) slices
(111)
(111)
Fig. 1.13 Bar of silicon on a block with V-groove 
for slicing
e t c h  p i t  p o i n t .  The second s c r i b e  l i n e ,  which i s  p e r p e n d ic u la r  to  
th e  f i r s t ,  sho u ld  be p a r a l l e l  to  an o b l iq u e  {111} p l a n e ,  b u t  may 
be i n  e i t h e r  o f  th e  two d i r e c t i o n s .  The s im p le s t  method f o r  
l o c a t i n g  th e  optimum s c r ib e  d i r e c t i o n s  i s  to  g r in d  a f l a t  on th e  
c r y s t a l  p r i o r  to  s l i c i n g  (see  F ig .  1 .1 3 ) .
The c h o ic e  o f  th e  r e f e r e n c e  f l a t  w i l l  d e te rm in e  th e  s c r i b i n g  
d i r e c t i o n s . The (110) p la n e  has always been chosen as  a r e f e r e n c e  
f l a t .  I n  F ig .  1 .14  i t  can be seen  t h a t  th e  p la n e s  (.110) (101) and 
(O il)  a r e  e q u i v a l e n t .  I n  a d d i t i o n ,  th e  e t c h  p i t  p o i n t s  alw ays to  
th e  r i g h t ,  i f  th e  s l i c e  i s  h e ld  w i th  r e f e r e n c e  f l a t  i n  th e  tw elve  
o ’ c lo c k  p o s i t i o n ,  t h i s  rem ains so ,  i f  th e  s l i c e  i s  tu rn e d  u p s id e  
down. I f  i n s t e a d ,  th e  e q u iv a le n t  p la n e s  (110) (101) o r  (011) were 
chosen as a r e f e r e n c e  f l a t ,  th e  e t c h  f i g u r e  would p o i n t  to  th e  
l e f t  w i th  f l a t  i n  th e  s i x  o ’ c lo c k  p o s i t i o n ,  and th e  optimum s c r i b i n g  
d i r e c t i o n  would be from r i g h t  to  l e f t  ( s e e  F ig s .  1 .14  and 1 .1 5 ) ,
Choice o f  a {112} f l a t  would r e s u l t  i n  a n o n -sy m m e tr ica l  
s i t u a t i o n .  On one s id e ,  th e  etch , f i g u r e  would p o in t  tow ard th e  f l a t ;  
on th e  o th e r  s id e  th e  e t c h  f i g u r e  would p o i n t  away from th e  f l a t  a s  
r e p o r t e d  by Townley (1973).
Choice o f  a {110} ty p e  r e f e r e n c e  p la n e  h a s  th e  a d d i t i o n a l  
advan tage  t h a t  i t  does n o t  m a t te r  which s id e  o f  a s l i c e  i s  p o l i s h e d .  
When i t  i s  n e c e s s a ry  to  know which s id e  o f  a s l i c e  c o in c id e s  w i t h  
th e  g row th  d i r e c t i o n s ,  th e  {110} ty p e  r e f e r e n c e  f l a t  i s  n o t  s u f f i c i e n t  
and an a d d i t i o n a l  r e f e r e n c e  must be made on th e  c r y s t a l  p r i o r  to  
s l i c i n g .  T h is  g iv e s  th e  p o s s i b i l i t y  o f  always p o l i s h i n g  th e  same 
f a c e  o f  th e  s l i c e .  T h e re fo re  a c o r r e c t  p o s i t i o n  o f  th e  r e f e r e n c e
1 1 0
F ig .l. 14 Position of six peripheral {110} planes on
(111) surface
(i) (110), (101) and (Oil) planes are equivalent
and corresponding to 0°, 120° and 240° 
position of reference flats
(ii) (011), (110) and (101) planes are equivalent 
and corresponding to 60°, 180° and 300° 
position of reference flats
(a) 0° -  position (d) 60° - position
(e) 180° - position(b) 120° -  position
(f) 300° - position(c) 240° - position
(i) (ii)
F ig .l. 15 Positions of the slice reference flat
f l a t  i s  im p o r ta n t  f o r  optimum s c r i b e  c o n d i t i o n s .
The d e s i r e d  r e f e r e n c e  f l a t  can be lo c a te d  u s in g  an X -ray  
gon io m ete r  (s e e  S e c t io n  2 . 2 .2 ,  C hap ter  2) o r  by means o f  th e  
c r y s t a l  growth l i n e s ,  p ro v id ed  th e  [111] d i r e c t i o n  i s  known (s e e  
T ig s  1 .1 1 a  and 1 .1 1 b ) .
1 . 2 .3 . 6  E p i t a x i a l  Growth
Tung (1965) s tu d ie d  th e  e f f e c t  o f  s u b s t r a t e  o r i e n t a t i o n  on 
e p i t a x i a l  growth and found t h a t  th e  d e p o s t io n  r a t e  in c r e a s e d  to  a 
l i m i t  as  th e  s u b s t r a t e  was m is o r i e n te d  from th e  e x a c t  (111) s u r f a c e ,  
The e p i t a x i a l  d e p o s i t io n  p roceeds  s low ly  and i s  a s s o c i a t e d  w i th  th e  
pyramid d e f e c t s  when grown on e x a c t  (111) s u r f a c e s ;  w h i le  th e s e  
d e f e c t s  d id  n o t  grow when th e  s u b s t r a t e s  were m i s o r i e n te d  from C H I)  .
Drum and C la rk  0-968,1970) r e p o r te d  t h a t  th e  e x a c t  (111) s u r f a c e  
h a s  t h r e e  f o ld  symmetry w i th  t h r e e  m i r r o r  p la n e s  i n  th e  l a t t i c e  
norm al to  (111) and t h i s  symmetry i s  reduced  w i th  a s u r f a c e  t h a t  i s  
s l i g h t l y  o f f  (111) f o r  few d e g re e s .  Drum and C la rk  found t h a t ,  d u r in g  
th e  f a b r i c a t i o n  o f  p -n  j u n c t i o n  i n  i s o l a t e d  i n t e g r a t e d  c i r c u i t  w i th  
b u r i e d  l a y e r s  o f  n + m a t e r i a l ,  e p i t a x i a l  s i l i c o n  i s  grown on to  sub­
s t r a t e s  whose s u r f a c e s  c o n ta in  an a r r a y  o f  s t e p s .  These, s t e p s  mark 
th e  p o s i t i o n s  o f  th e  b u r ie d  l a y e r s .  A lso  th e s e  s t e p s  may be d i s p l a c e d  
l a t e r a l l y ,  which can le a d  to  e r r o r s  i n  th e  a l ig n m e n t  o f  su b se q u e n t  
m asking o p e r a t io n s .  Drum and C la rk  0-970) concluded  t h a t  th e  e x a c t  
s u b s t r a t e  o r i e n t a t i o n  n ea r  (.111) has  a  c o n s id e r a b le  i n f l u e n c e  on th e  
d is p la c e m e n t  o f  th e  s t e p s .  T h e re fo re  i t  i s  im p o r ta n t  to  g iv e  th e  
s l i c e  s u r f a c e  a c e r t a i n  m i s o r i e n t a t i o n  w i th  r e s p e c t  to  th e  e x a c t  (111)
p la n e  a b o u t 3° to  5° o f f  toward a n e a r e s t  Cl10)> so t h a t  t r a v e r s e  
p a t t e r n  s h i f t  can be e l im in a te d .
1 .3  A Review o f  E x p er im en ta l  Techniques Used in  X -ray  D i f f r a c t i o n
Topography
1 . 3 .1  X -ray  D i f f r a c t i o n
When c o n s id e r in g  X -ray d i f f r a c t i o n  p r o p e r t i e s  o f  l a r g e  n e a r l y  
p e r f e c t  c r y s t a l s ,  th e  s i t u a t i o n  i s  f a r  removed from th e  more f a m i l i a r  
c a se  o f  X -ray  d i f f r a c t i o n  in  case  o f  sm all  u s u a l l y  im p e r f e c t  c r y s t a l s  
as  used  f o r  in s t a n c e  i n  X -ray s t r u c t u r e  a n a l y s i s .  The phenomenon o f  
d i f f r a c t i o n  can be used  to  probe th e  i n t e r n a l  s t r u c t u r e  o f  th e  c r y s t a l .
The e le m e n ta ry  t r e a tm e n t  o f  X -ray  d i f f r a c t i o n  may be found i n  
many te x tb o o k s  on s o l i d  s t a t e  p h y s ic s  which, i s  based  on th e  k in e m a t i c a l  
ap p ro x im a t io n .  I n  t h i s  s i t u a t i o n ,  i t  i s  assumed t h a t  th e  a m p li tu d e s  
o f  th e  s c a t t e r e d  waves a re  a t  a l l  t im es  sm all  compared w i th  th e  i n ­
c i d e n t  wave a m p li tu d e .  The k in e m a t i c a l  th e o ry  may be employed s a t i s ­
f a c t o r i l y  t o  o b ta in  in fo rm a t io n  on th e  c r y s t a l  s t r u c t u r e ,  f o r  sm a l l  
c r y s t a l s  o f  d im ensions  l e s s  th a n  abou t a m icrom ete r  i n  d ia m e te r ,  
and i n  h e a v i ly  deformed c r y s t a l s  where th e  d i s l o c a t i o n s  a c t  t o  d iv i d e  
th e  c r y s t a l  i n t o  a m osaic  s t r u c t u r e  o f  in d p e n d e n t ly  d i f f r a c t i n g  c e l l s .
However, f o r  l a rg e  s i n g l e  c r y s t a l s  w hich a r e  a l s o  h ig h l y  p e r f e c t ,  
th e  am p li tu d e  o f  a d i f f r a c t e d  wave becomes com parable w i th  t h a t  o f  th e  
i n c i d e n t  beam. The d i f f r a c t i o n  b eh a v io u r  i n  l a rg e  c r y s t a l s  can  o n ly  
be s a t i s f a c t o r i l y  d e s c r ib e d  in  term s o f  a dynam ical th e o ry  w hich  d e a l s  
w i th  th e  w a y e f ie ld  i n  th e  c r y s t a l  as  a w ho le .  The th e o ry  o f  D arw in,
i n  w hich th e  s c a t t e r e d  am p litude  due to  an e le m e n ta ry  l a y e r  o f  
m a t e r i a l  i s  u sed  to  o b ta in  a s e t  o f  d i f f e r e n t i a l  e q u a t io n s ,  was 
o r i g i n a l l y  a p p l ie d  to  th e  two-beam th e o ry  o f  e l e c t r o n  d i f f r a c t i o n  
(s e e  Whelan, 1970). •
The Darwin model g iv e s  a u s e f u l  p i c t u r e  o f  th e  b e h a v io u r  i n  
p e r f e c t  c r y s t a l s .  C o n s id e ra t io n  i n  t h i s  model i s  g iv e n  to  th e  
in te r c h a n g e  o f  ene rgy  between th e  d i r e c t  and th e  d i f f r a c t e d  beams, 
a s  a  r e s u l t  o f  m u l t i p l e  r e f l e c t i o n s  from p la n e s  under c o n d i t i o n s ,  
where ex ten d ed  l a t t i c e  p e r i o d i c i t y  e n a b le s  phase  r e l a t i o n s  t o  be 
m a in ta in e d  betw een a l l  r a y s .  As a r e s u l t  o f  th e  m a in tenance  o f  
co h e re n c e ,  th e  d i r e c t  beam i s  e s p e c i a l l y  r a p i d l y  a t t e n u a t e d  when 
Bragg r e f l e c t i o n  o ccu rs  and th e  same d e s t r u c t i v e  i n t e r f e r e n c e  
g r e a t l y  l i m i t s  th e  s t r e n g t h  o f  th e  i n t e g r a t e d  r e f l e c t i o n s .
I t  i s  found t h a t  th e  i n t e g r a t e d  r e f l e c t i o n s  from an " i d e a l l y  
p e r f e c t "  c r y s t a l  i s  one to  two o rd e r s  o f  m agnitude s m a l le r  th a n  t h a t  
f o r  an " i d e a l l y  im p e r fe c t"  one, M oreover, th e  a n g u la r  ran g e  o f  r e f l e c ­
t i o n  from p e r f e c t  c r y s t a l s  i s  l i m i t e d  to  a few seconds o f  a r c .  Thus, 
any im p e r f e c t io n  i n  th e  c r y s t a l ,  which, d i s t u r b s  th e  r e g u l a r  l a t t i c e  
p e r i o d i c i t y  upon which th e  m ain tenance  o f  coherence  dep en d s ,  w i l l  
m a n i f e s t  i t s e l f  by an in c r e a s e  i n  th e  d i f f r a c t e d  i n t e n s i t y  i n  th e  
v i c i n i t y  o f  th e  im p e r f e c t io n .  Coherence can be l o s t  a t  a v a r i e t y  
o f  im p e r f e c t io n s :  low ang le  b o u n d a r ie s ,  s t a c k in g  f a u l t s ,  d i s t o r t i o n  
around in c l u s i o n s  and p a r t i c u l a r l y  a t  d i s l o c a t i o n s .
The dynam ical th e o ry  i n  a p e r f e c t  c r y s t a l  based  on th e  a p p ro ac h  
o f  von Laue (1952) r e q u i r e s  a s o l u t i o n  o f  Maxwellf s e q u a t io n s  i n  a 
p e r i o d i c  medium matched to  s o lu t i o n s  o f  p la n e  waves o u t s id e  th e  c r y s t a l .
The s o l u t i o n s  o b ta in e d  must r e f l e c t  th e  p e r i o d i c i t y  o f  th e  c r y s t a l  
l a t t i c e ,  and such  f u n c t io n s  a re  known as  Bloch f u n c t i o n s .  The 
B loch  waves can be c o n s t ru c te d  from a  s u p e r p o s i t i o n  o f  p la n e  w aves, 
b u t  i t  has  been v e r i f i e d  e x p e r im e n ta l ly  t h a t  Bloch waves do have 
p h y s i c a l  s i g n i f i c a n c e  and a r e  n o t  m e re ly  co n v en ien t  m a th e m a tic a l  
c o n s t r u c t io n s  (se e  T anner,  1976).
T here  a r e ,  however, im p o r ta n t  c lu e s  to  th e  i d e n t i f i c a t i o n  o f  
h ig h ly  p e r f e c t  c r y s t a l s ,  and one o f  th e s e  i s  th e  e x i s t e n c e  o f  
P e n d e l lo su n g  f r i n g e s .  F r in g e s  a r e  observed  i n  X -ray  to p o g rap h s  o f  
w edge-shaped  c r y s t a l s  due to  th e  i n t e r f e r e n c e  e f f e c t s  (F a th e r s  and 
T anner ,  1973),  a f r i n g e  o c c u r r in g  w herever th e  phase  d i f f e r e n c e  
becomes a m u l t i p l e  o f  2tt. A s i t u a t i o n  o cc u rs  i n  a b i r e f r i n g e n t  
c r y s t a l  where th e  two normal modes o f  p ro p a g a t io n  a r e  l i n e a r l y  
p o l a r i z e d  p la n e  waves t r a v e l l i n g  w ith  d i f f e r e n t  v e l o c i t i e s .
I n  s i l i c o n ,  which c le a v e s  on {111} p l a n e s ,  one o f t e n  o b s e rv e s  
th i c k n e s s  f r i n g e s  a t  th e  specimen edge from i n c l i n e d  {111} s u r f a c e s  
p roduced  by c le a v a g e .  The h ig h  v i s i b i l i t y  o f  P e n d e l lo su n g  f r i n g e s  
d e l i n e a t i n g  c o n to u rs  o f  eq u a l  t h i c k n e s s ,  i s  a v e ry  good i n d i c a t i o n  
o f  c r y s t a l  p e r f e c t i o n  because  o f  i t  i s  a, f e a t u r e  o f  " p e r f e c t " '  c r y s t a l s  
d i f f r a c t i o n .  The o b s e rv a t io n  o f  th ic k n e s s  f r i n g e s  by Kato and 
Lang (1959) was one o f  th e  e a r l i e s t  d e m o n s t ra t io n s  t h a t  dynam ica l 
X -ray  d i f f r a c t i o n  p ro c e s s e s  were o c c u r r in g .
The ro c k in g  curve i s  an e x c e l l e n t  gu ide  to  c r y s t a l  p e r f e c t i o n ,  
a s  th e  ro c k in g  curve  w i l l  be s h a rp ,  r e s o l v i n g  th e  Ka2 and Ka1 peaks  
with, a  r a t i o  o f  1 :2  when th e  c r y s t a l  i s  n e a r l y  p e r f e c t  and v e ry  
b ro ad  when th e  c r y s t a l  i s  im p e r f e c t .  A m osaic  sp re a d  o f  a  few
m in u te s  o f  a r c  w i l l  be r e v e a le d  as  a broadened  ro c k in g  cu rve  i n  
a Lang camera (se e  be low ).
I n  h ig h ly  d i s t o r t e d  c r y s t a l s  i r r e g u l a r  a r e a s  n o t  s a t i s f y i n g  
a  Bragg r e f l e c t i o n  a r e  o f t e n  found to g e th e r  w i th  S w ir l in g  c o n t r a s t  
bands where th e  d i s t o r t e d  r e c i p r o c a l  l a t t i c e  c u t s  th e  Ewald sp h e re  
i n  v a r io u s  u n i d e n t i f i a b l e  r e f l e c t i o n s .
The d i s p e r s i o n  s u r f a c e  i s  one o f  th e  most im p o r ta n t  and u s e f u l  
co n c e p ts  r e l a t i n g  to  th e  dynam ical d i f f r a c t i o n  th e o ry .  I t  i s  found 
t h a t  th e  s i g n i f i c a n t  an g u la r  d iv e rg e n c e  o f  th e  wave cau ses  th e  whole 
o f  th e  d i s p e r s i o n  s u r f a c e  to  be e x c i t e d  s im u l ta n e o u s ly .  T h is  c au ses  
e n e rg y  to  f low  i n  a range  o f  d i r e c t i o n s  i n  th e  c r y s t a l .  The whole 
o f  th e  d i s p e r s i o n  s u r f a c e  i s  th e n  e x c i t e d ,  and th e  w h o le^ reg io n  o f  
th e  Borrmann t r i a n g l e  i s  f i l l e d  w i th  w a v e f ie ld s  p ro p a g a t in g  
i n  d i f f e r e n t  d i r e c t i o n s  (see  T anner, 1976).
I n  th e  t r a n s m is s io n  X -ray d i f f r a c t i o n  methods t h e r e  i s  a 
d e f i n i t e  d i s t i n c t i o n  made between " t h i n "  and " t h i c k ’1 c r y s t a l s .
I f  y /p  i s  th e  mass a b s o r p t io n  c o e f f i c i e n t  f o r  X -rays , '  y e q u a ls  
th e  t r u e  l i n e a r  a b s o r p t io n ,  p e q u a ls  th e  d e n s i t y  o f  th e  c r y s t a l l i n e  
m a t e r i a l .  The th ic k n e s s  o f  th e  c r y s t a l  m easured a lo n g  th e  d i f f r a c t i n g  
p la n e s  i s  t .  Then y t  ^ 1 d e f in e s  a " t h i n "  c r y s t a l  and y t  » 1  d e f i n e s  
a  " t h i c k "  c r y s t a l .  I f  y t  » 1 ,  o n ly  a sm all  f r a c t i o n  o f  th e  i n c i d e n t  
beam w i l l  n o rm a lly  be t r a n s m i t t e d ,  and th e  i n t e n s i t y  o f  th e  em ergen t 
beams w i l l  o n ly  be a p p re c ia b le  i f  "anomalous t r a n s m is s io n "  can  be 
induced  (se e  b e lo w ) . The a b s o rp t io n  c o e f f i c i e n t  v a r i e s  w i th  wave­
le n g th  and a tom ic  p r o p e r t i e s  o f  th e  c r y s t a l .  Anomalous t r a n s m is s i o n  
o r  Borrmann e f f e c t  was d is c o v e re d  as  e a r l y  a s  1941 by Borrmann in
c a l c i t e .  I t  i s  a f e a t u r e  o f  a p e r f e c t l y  p e r i o d i c  l a t t i c e ,  and 
im p e r f e c t io n s  o f  any k in d  tend  to  red u ce  o r  d e s t r o y  i t .
D i s l o c a t i o n s ,  f o r  exam ple, t o t a l l y  d e s t r o y  th e  e f f e c t ,  and 
t h i s  was one o f  th e  e a r l i e s t  methods by which d i s l o c a t i o n s  were 
o b se rved  d i r e c t l y  (Borrman, H artw ig and I r m l e r ,  1958).
1 . 3 .2  X -ray D i f f r a c t i o n  Topographic Methods
Many p u b l i sh e d  p a p e rs  d e a l  w i th  th e  d i f f e r e n t  a s p e c t s  o f  a p p ly in g  
X -ray  to p o g ra p h ic a l  te c h n iq u e s  to  th e  s tu d y  o f  s em ic o n d u c to rs .  Some 
o f  th e s e  p a p e rs  d e a l  w i th  th e  te c h n iq u e s ,  o th e r s  w i th  th e  i n t e r p r e t a t i o n  
o f  c o n t r a s t ,  and s t i l l  o th e r s  w i th  th e  a p p l i c a t i o n  o f  th e  o b s e r v a t io n s  
to  th e  u n d e r s ta n d in g  of d e f e c t  p r o p e r t i e s .  H ere , some e x p e r im e n ta l  
te c h n q iu e s  w i l l  be d e s c r ib e d  i n  th e  o rd e r  o f  s e n s i t i v i t y .  They may 
th u s  be c o n s id e re d  i n  th e  o rd e r  r e l e v a n t  to  th e  c r y s t a l  grown a t  
s u c c e s s iv e  s ta g e s  i n  a programme to  produce h ig h ly  p e r f e c t  s i n g l e  
c r y s t a l s .  The methods a r e :
1 . B e r g - B a r r e t t  method.
a .  R e f l e c t i o n  method b .  T ran sm is s io n  method.
2. Lang t r a n s m is s io n  method.
The aim o f  X -ray d i f f r a c t i o n  to p o g ra p h ic  methods i s  to  p ro v id e  
a  p i c t u r e  o f  th e  d i s t r i b u t i o n  of th e  d e f e c t s  i n  a c r y s t a l ,  and X -ray  
images may be th o u g h t  o f  an a r i s i n g  i n  two ways. These a r e  " o r i e n t a t i o n  
c o n t r a s t "  and " e x t i n c t i o n  c o n t r a s t " * .  Tanner (1976) supposed th e  c r y s t a l
* See Tanner (1976) .
i s  s e t  i n  an X -ray beam of d iv e rg e n c e  Acf> so t h a t  Bragg r e f l e c t i o n  
from a p a r t i c u l a r  s e t  o f  l a t t i c e  p la n e s  i s  ach ieved  from one o r  
more c h a r a c t e r i s t i c  l i n e s .  Then i f  t h e  d i f f r a c t e d  beam i s  examined 
a s  a  f u n c t i o n  o f  p o s i t i o n  i n  th e  c r y s t a l ,  i t  m ight be e x p e c te d  t h a t  
a  p e r f e c t  p a r a l l e l - s i d e d  c r y s t a l  would p r e s e n t  a u n ifo rm  f i e l d  o f  
v iew . T h is  i s  found i n  a " p r o j e c t i o n  to p o g rap h " .  I f  th e  c r y s t a l  
c o n t a in s  a r e g io n ,  eg .  a tw in ,  m is o r ie n te d  w i th  r e s p e c t  to  th e  
o th e rw is e  p e r f e c t  c r y s t a l ,  c o n t r a s t  betw een t h i s  r e g io n  and th e  
c r y s t a l  m a t r ix  w i l l  be observed  i f  th e  m i s o r i e n t a t i o n  exceeds  A$,
I n  t h i s  case  Bragg r e f l e c t i o n  of th e  c h a r a c t e r i s t i c  l i n e s  canno t 
t a k e  p la c e  i n  th e  m is o r ie n te d  r e g io n ,  l e a v in g  an undarkened  patch , 
on th e  f i l m .  T h is  i s  " o r i e n t a t i o n  c o n t r a s t " ,  and i t  can be i n t e r ­
p r e t e d  q u i t e  s im ply  g e o m e t r ic a l ly  w i th o u t  r e c o u r s e  to  dynam ica l 
th e o ry .
" O r i e n t a t i o n  c o n t r a s t "  may a l s o  a r i s e  from th e  d i f f e r e n t  
d i r e c t i o n s  o f  th e  beams d i f f r a c t e d  by m is o r i e n te d  r e g i o n s .  I f
\
t h e  f i l m  i s  p la c e d  a c o n s id e ra b le  d i s t a n c e  from th e  specim en , 
s p a t i a l  o v e r la p  o r  s e p a r a t io n  o ccu rs  l e a d in g  to  enhanced o r  
red u ced  i n t e n s i t y  co rre sp o n d in g  to  th e  b o u n d a r ie s  o f  t h e  m i s o r i e n te d  
r e g io n .
" E x t i n c t i o n  c o n t r a s t "  a r i s e s  from th e  d i s t o r t i o n  o f  th e  l a t t i c e  
around a d e f e c t  g iv in g  r i s e  to  d i f f e r e n t  d i f f r a c t i o n  c o n d i t i o n s  from 
th o s e  i n  th e  su rro u n d in g  m a t r ix .  There i s  th u s  a d i f f e r e n t  s c a t t e r e d  
i n t e n s i t y  from th e  v i c i n i t y  o f  th e  d e f e c t .  The n a t u r e  o f  th e  image 
can  o n ly  be deduced u s in g  dynam ical d i f f r a c t i o n  th e o ry .
1 . 3 . 2 . 1  B e r g - B a r r e t t  Method
The o r i g i n a l  te c h n iq u e  o f  X-ray d i f f r a c t i o n  topography  was 
f i r s t  d e s c r ib e d  by Berg (1931,1934) who employed X -rays  o f  a s i n g l e  
w av e le n g th  and caused r e f l e c t i o n  to  ta k e  p la c e  from th e  c le a v a g e  
s u r f a c e  o f  r o c k s a l t  c r y s t a l s .  Berg used  an X -ray tu b e  a t  a long  
d i s t a n c e  from th e  c r y s t a l  and a p h o to g ra p h ic  p l a t e  c lo s e  to  th e  
c r y s t a l .  An image o f  th e  c r y s t a l  was formed by r e f l e c t e d  mono­
ch ro m a tic  X -ra y s ,  th e  d e t a i l s  o f  th e  d i f f r a c t e d  image from one s e t  
o f  a tom ic  p la n e s  f u r n i s h in g  th e  p o i n t - t o - p o i n t  v a r i a t i o n  o f  th e  
r e f l e c t i o n  power over  th e  c r y s t a l  s u r f a c e ,
s'
More th a n  t e n  y e a r s  l a t e r  th e  te c h n iq u e  was deyeloped  by 
B a r r e t t  (1945) who sugges ted  t h a t  th e  method be t r i e d  on m e t a l l u r g i c a l  
spec im ens . He improved th e  te ch n iq u e  w i th  th e  fo l lo w in g  c o n d i t i o n s :
a .  A minimum d i s t a n c e  o f  p h o to g ra p h ic  p l a t e  and a l a r g e
. d i s t a n c e  o f  X-ray sou rce  to  th e  c r y s t a l  to  o b t a i n  th e  
maximum g e o m e tr ic a l  r e s o l u t i o n .
b .  A p l a t e  w i th  h ig h  r e s o lv i n g  power ( f i n e  g r a in )  and s h ie ld e d  
from th e  d i r e c t  beam to  r e c o rd  th e  X -ray  d i f f r a c t i o n  image 
o r  to p og raph  o f  th e  c r y s t a l .
c .  X -ray t a r g e t  e lem ent o f  low a tom ic  number ( C r ,F e ,C o ) .
T h is  t a r g e t  i n  th e  X -ray tu b e  shou ld  have an a tom ic  
number eq u a l  to  o r  l e s s  th a n  th e  a to m ic  number o f  t h e  
e lem en t i n  th e  specimen exam ined, to  red u ce  th e  fo g g in g  
caused by f l u o r e s c e n t  r a d i a t i o n  from th e  specim en.
An a l t e r n a t i v e  method o f  topography  d e v ise d  by B erg , and l a t e r  
deve loped  by Schulz  (1954) makes use  o f  th e  co n t in u o u s  spec trum  o f  
r a d i a t i o n  from th e  X -ray tu b e .  G eom etr ica l focussing i s  now a t t a i n e d  
u s in g  a  p o in t  s o u rc e ,  whose a n g u la r  d im ensions  d e te rm in e  th e  image 
d e f i n i t i o n .  T h is  method i s  ana logous to  th e  Laue p h o to g ra p h ,  a l lo w in g  
th e  beam to  d iv e rg e ,  and s u f f e r s  th e  d is a d v a n ta g e  o f  o v e r la p p in g  images 
from s e v e r a l  Bragg r e f l e c t i o n s .
The B e r g - B a r r e t t  method o f  topography  i s  most commonly used  f o r  
a p p l i c a t i o n s  i n  which th e  h ig h e s t  s p a t i a l  o r  a n g u la r  r e s o l u t i o n  i s  
n o t  r e q u i r e d .  X -ray topographs  o b ta in e d  by th e  methods o f  B a r r e t t  
and Schulz  a re  s e n s i t i v e  to  th e  n a t u r e  o f  th e  c r y s t a l  s u r f a c e .  S te p s ,  
r i d g e s ,  o r  p i t s  (ox ide  f i lm s  i n  th e  case  o f  heavy e le m e n ts )  cause  
v a r i a t i o n s  i n  i n t e n s i t y  o f  th e  p a t t e r n  re c o rd e d  which a r e  n o t  alw ays 
e asy  to  d i s t i n g u i s h  from th e  e f f e c t s  o f  l a t t i c e  i r r e g u l a r i t i e s .  T h is  
a s s o c i a t i o n  w i th  s u r f a c e  c o n d i t io n  i s  i n  f a c t  a b a s i c  c h a r a c t e r i s t i c  
o f  s u r f a c e - r e f l e c t i o n  topographs  o b ta in e d  w i th  th e  commonly used  
r a d i a t i o n s .
1 . 3 . 2 . 1 . a R e f l e c t i o n  Method
The e x p e r im e n ta l  arrangem ent which a l lo w s  p o i n t  by p o i n t  m easurem ent 
on th e  s u r f a c e  o f  a c r y s t a l  i s  shown i n  F ig .  1 .1 6 ,  The c r y s t a l  i s  p la c e d  
i n  a  d iv e r g e n t  beam o f  X -rays e m it te d  by a s ta n d a rd  l i n e  so u rc e  a l ig n e d  
a t  an an g le  a p p r o p r ia t e  f o r  Bragg r e f l e c t i o n  o f  c h a r a c t e r i s t i c  r a d i a t i o n  
from a p r i n c i p a l  d i f f r a c t i n g  p la n e .  A p h o to g ra p h ic  f i l m  o r  em u ls io n  
p l a t e  i s  p la c e d  i n  th e  d i f f r a c t e d  beam to  r e c o rd  th e  X -ray  d i f f r a c t i o n  
image o r  topog raph  of  th e  c r y s t a l .  G eo m etr ica l  f o c u s s in g  i s  a c h iev ed  
i f  th e  l i n e  sou rce  l i e s  i n  the  p la n e  o f  in c id e n c e ,  b eca u se  th e  Bragg
c o n d i t i o n  u n iq u e ly  d e te rm in es  th e  d i r e c t i o n  o f  d i f f r a c t e d  monochrom atic 
beams. Image d e f i n i t i o n  i s  l im i t e d  by th e  f i n i t e  a n g u la r  w id th  o f  th e  
l i n e  so u rce  p e r p e n d ic u la r  to  th e  p la n e  o f  in c id e n c e  and by th e  f a c t  
t h a t  th e  c h a r a c t e r i s t i c  r a d i a t i o n  i s  n o t  s t r i c t l y  m onochrom atic . For 
i n s t a n c e  th e  two c l o s e l y  spaced components o f  r a d i a t i o n  each  p r o ­
duce an image a t  v e ry  s l i g h t l y  d i f f e r e n t  Bragg a n g le s .  Both s o u rc e s  
o f  a b e r r a t i o n  may be reduced  by p la c in g  th e  p h o to g ra p h ic  f i l m  as  
c lo s e  to  th e  c r y s t a l  as  p o s s i b l e .
Newkirk (1958) improved th e  e f f e c t s  o f  th e  p r i n c i p a l  a b e r r a t i o n s  
o f  th e  B e r g - B a r r e t t  geom etry , nam ely, v e r t i c a l  d i s t o r t i o n  and Koc
d o u b l in g ,  by s e l e c t i n g  th e  d i f f r a c t i n g  Bragg p la n e  and X -ray  wave­
l e n g th ,  so t h a t  th e  i n c id e n t  beam i s  i n c l i n e d  a t  a sm a ll  a n g le ,  a few 
d e g r e e s ,  to  th e  c r y s t a l  s u r f a c e .  The e f f e c t s  on r e s o l u t i o n  o f  b o th  
v e r t i c a l  d i s t o r t i o n s  and d o u b l in g ,  d e c re a se  w i th  d e c r e a s in g  c r y s t a l  
to  em u ls ion  f i l m  d i s t a n c e .  The su c c e ss  o f  t h i s  method r e l i e s  on 
p l a c in g  th e  em u ls ion  f i lm  as  c lo s e  to  th e  c r y s t a l  as  p o s s i b l e .
Dionne (1967) has  r e p o r te d  t h a t  h ig h  r e s o l u t i o n  to p o g rap h s  can
be formed u s in g  K_ r a d i a t i o n .  The ad v a n ta g e s  o f  t h i s  a r ran g em en t 
p
a re  a low s t r a i n  s e n s i t i v i t y  and h ig h  r e s o l u t i o n  due to  th e  l a r g e  
d iv e rg e n c e  i n  th e  p la n e  o f  in c id e n c e .  The main d is a d v a n ta g e  o f  th e  
method i s  t h a t  th e  K i s  c o n s id e ra b ly  weaker th a n  th e  K l i n e .
P &
B atte rm an  and H i l ld e b r a n d t  (1968) n o ted  t h a t  th e  image i n  
r e f l e c t i o n  topog raphs  a re  m a in ly  k in e m a t i c a l  i n  n a t u r e  and dynam ica l 
e f f e c t s  can o f t e n  be ig n o re d .  A lthough th e  i n t e r p r e t a t i o n  o f  r e f l e c t i o n  
to p og raphs  i s  c o n seq u en t ly  e a s i e r ,  l e s s  in fo rm a t io n  can  be d e r i v e(i .
However, th e  v a lu e  o f  r e f l e c t i o n  topographs  cannot be o v e r e s t im a te d ,  
due to  t h e i r  h ig h  r e s o l u t i o n  o f  s u r f a c e  s t r a i n s ,  s h o r t  ex p o su re  t im e s ,  
e a se  i n  a l ig n m e n t ,  and th e  a v a i l a b i l i t y  o f  r e f l e c t i o n  where l a r g e -  
a r e a  u n d i s t o r t e d  topographs  can be ta k e n  w i th o u t  s c a n n in g .
The s u r f a c e  r e f l e c t i o n  a rran g em en t,  o f  F ig .  1 .16  th e  d i f f r a c t e d  
beam em erging from th e  s u r f a c e  o f  th e  c r y s t a l  on which th e  X -r a y s  
a r e  i n c i d e n t ,  i s  a t t e n u a t e d  by p h o t o e l e c t r i c  a b s o r p t i o n .  As a r e s u l t ,  
th e  image re c o rd e d  i s  formed p r i n c i p a l l y  by a s u r f a c e  l a y e r  e q u i v a l e n t  
to  th e  d ep th  o f  p e n e t r a t i o n  r e p o r te d  by Isherwood and W allace  Q 9 7 4 ) .
When th e  p h o to g ra p h ic  f i l m  i s  so c lo s e  to  th e  c r y s t a l  s u r f a c e  
i n  B e r g - B a r r e t t  ex p e r im e n ts ,  i t  must be n e a r l y  p a r a l l e l  t o  th e  c r y s t a l  
and canno t always be p e rp e n d ic u la r  to  t h e  d i f f r a c t e d  beam, a s  would be 
i d e a l .  There may th u s  be a l o s s  o f  r e s o l u t i o n  due to  t h e  X—ra y  
p a s s in g  th ro u g h  th e  f i lm  a t  an a n g le ,  and t h i s  can be  m inim ized  by 
u s in g  v e ry  t h i n  p h o to g ra p h ic  em u ls ions  (10 yni) . For an a p p r e c ia b le  
f r a c t i o n  o f  th e  X -rays to  be a b so rb ed ,  i t  i s  n e c e s s a ry  to  u s e  s o f t  
r a d i a t i o n s ,  b u t  t h i s  i f  o f t e n  c o n v en ien t  as  th e  l a r g e  Bragg a n g le s  
th e n  en co u n te red  make i t  easy  to  f in d  lo w -o rd e r  asym m etric  r e f l e c t i o n s  
which g iv e  th e  optimum r e s o l u t i o n  c o n d i t io n s  r e p o r te d  by Tanner (1976) .
1 . 3 . 2 . l . b  T ran sm iss io n  Method
In  th e  t r a n m is s io n  method ( s e e  F ig .  1 .17 )  i t  i s  n o t  n o rm a l ly  
p o s s i b l e  to  p la c e  th e  p h o to g ra p h ic  f i l m  o r  em u ls ion  p l a t e  c l o s e  to  
th e  specim en s u r f a c e ,  as  t h i s  r e s u l t s  i n  th e  o v e r la p p in g  o f  th e  
d i r e c t  and d i f f r a c t e d  beams. The e x c e p t io n  to  t h i s  i s  th e  c a s e  o f  
a  v e ry  th i c k  c r y s t a l  where o n ly  X -rays  v e ry  c lo s e  to  th e  Bragg
r e f l e c t i o n  c o n d i t io n s  a r e  t r a n s m i t t e d .  I n  t h i s  anomalous t r a n s m is s io n  
s i t u a t i o n ,  d e f e c t s  cause  lo s s  o f  i n t e n s i t y  i n  b o th  d i r e c t  and d i f f r a c t e d  
beams. The f i l m  may th e n  be p la c e d  i n  c o n ta c t  w ith  th e  e x a c t  f a c e  o f  
th e  c r y s t a l .
The phenomenon o f  "anomalous t r a n s m is s io n "  was f i r s t  r e p o r t e d  
by Borrmann (1950 ) .  I t  a r i s e s  as  a r e s u l t  o f  i n t e r f e r e n c e  be tw een  
th e  i n c i d e n t  and r e f l e c t e d  waves, which s e t  up a s t a t i o n a r y  wave 
system  i n s i d e  th e  c r y s t a l .  The nodes o f  th e  s t a t i o n a r y  w aves, f o r  
th e  t r a n s m i t t e d  and d i f f r a c t e d  beams, a re  s i t u a t e d  a t  a tom ic  s i t e s ,  
i f  th e  c r y s t a l  i s  h ig h ly  p e r f e c t  and o r i e n t e d  e x a c t ly  f o r  Bragg 
r e f l e c t i o n .  A b so rp t io n  i s  th u s  n e a r l y  e l im in a te d  because  th e  wave 
am p li tu d e  i s  minimum a t  a tom ic  s i t e s .  The s ta n d in g  waves l i e  a lo n g  
th e  d i f f r a c t i n g  p la n e .  Anomalous a b s o r p t io n  p r o p e r t i e s  a r e  l o s t  a t  
im p e r f e c t io n s  such as d i s l o c a t i o n s  and th e y  g iv e  a weaker image th a n  
th e  p e r f e c t  m a t r ix .  The d i f f r a c t e d  and t r a n s m i t t e d  beams le a v e  th e  
c r y s t a l  a t  th e  same p o in t  and e x p e r im e n ta l ly  e i t h e r  beam may be  used  
to  r e v e a l  in fo rm a t io n  r e g a rd in g  th e  d e f e c t s  i n  the  c r y s t a l ,  s in c e  
th e y  have com parable i n t e n s i t i e s .
The usage  o f  th e  d e s c r i p t i o n  "anomalous t r a n s m is s io n "  d e n o te s  
more s p e c i f i c a l l y  a mode o f  c o n t r a s t  r a t h e r  th a n  a s e p a r a t e  to p o ­
g r a p h ic a l  te c h n iq u e  (Isherwood and W allace ,  1974).
When th e  c r y s t a l  i s  t h i n  and th e  d i r e c t  beam c o n ta in s  a  v e ry  
h ig h  i n t e n s i t y  o f  u n d i f f r a c t e d  r a d i a t i o n  th e  f i l m  and specim en m ust 
be s e p a r a te d  to  a l lo w  th e  s to p p in g  o f  th e  d i r e c t  beam by a s l i t  
(B a r th  and Hosemann, 1958).
The B e r g - B a r r e t t  t r a n s m is s io n  method i s  p a r t i c u l a r l y  s u s c e p t i b l e  
to  a h ig h  background o f  s c a t t e r e d  r a d i a t i o n ,  b u t  th e  t r o u b l e  can be  
e l im in a te d  by th e  u se  o f  w e l l  c o n s t r u c te d  le a d  s h i e l d i n g .  T h is  r e ­
p r e s e n t s  th e  g r e a t e s t  f a u l t  o f  th e  B e r g - B a r r e t t  t r a n s m is s io n -m e th o d .
T h is  d is a d v a n ta g e  i s  o f f s e t  by th e  low s e n s i t i v i t y  to  o r i e n t a t i o n  
c o n t r a s t .  The s c a t t e r e d  r a d i a t i o n  le a d s  to  a  l o s s  i n  c o n t r a s t  which- 
i s  p a r t i c u l a r l y  bad on th e  dynam ical image b u t  le a d s  to  no a p p r e c ia b le  
l o s s  o f  r e s o l u t i o n  in  th e  d i r e c t  image which, i s  com parable to  th e  
r e s o l u t i o n  o f  Lang’ s method (Tanner,  1976).
1 . 3 . 2 . 2  Lang T ran sm iss io n  Method
Lang (1958) was th e  f i t s t  to  d i s c o v e r  t h i s  method. T h is  method 
i s  th e  most p o p u la r  and w id e ly  used te c h n iq u e  o f  t r a n s m is s io n  X -ray  
topography  and i s  a non d e s t r u c t i v e  and p ow erfu l  t o o l  f o r  th e  s tu d y  
of  d e f e c t s  i n  n e a r l y  p e r f e c t  c r y s t a l s .  I t  i s  s e n s i t i v e  to  both, 
e x t i n c t i o n  and o r i e n t a t i o n  c o n t r a s t .  The a n g u la r  d iv e rg e n c e  o f  th e  
beam i s  s u f f i c i e n t l y  sm all  to  a l l  b u t  one component o f  th e  c h a r a c t e r i s t i c  
r a d i a t i o n  which, i s  Ka^ to  be d i f f r a c t e d .  The Ka l i n e  i s  i n  f a c t  a 
c l o s e l y  spaced  d o u b le t  where th e  i n t e n s i t y  r a t i o  o f  t h e  Ka^ to  Ka^ 
l i n e s  i s  2 :1 .  The Koij l i n e  i s  used  due to  i t s  maximum i n t e n s i t y .
A sch em a tic  r e p r e s e n t a t i o n  o f  Lang’ s method i s  shown i n  F ig .  1 ,1 8 .  
The c r y s t a l  i s  p la c e d  a t  a d i s t a n c e  from a p o i n t  so u rce  o f  X -rays  and 
th e  d iv e rg e n c e  o f  th e  beam i n  th e  p la n e  o f  in c id e n c e  i s  l i m i t e d ,  by 
a  s l i t  system  so as  to  be l e s s  th a n  th e  a n g u la r  s e p a r a t io n  o f  th e  Ka^ 
and Ka2 Bragg a n g le s  f o r  th e  s p e c i f i e d  d i f f r a c t i o n  c o n d i t i o n .  So t h a t  
th e  c r y s t a l  i s  e f f e c t i v e l y  u n ifo rm ly  b a th ed  i n  r a d i a t i o n  and t h e  Bragg
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r e f l e c t i o n  from one s e t  o f  p a r a l l e l  p la n e s  can be o b ta in e d  i n  sym­
m e t r i c a l  t r a n s m is s io n .  A s t a t i o n a r y  s c re e n  i s  p la c e d  betw een th e  
c r y s t a l  and th e  em ulsion  p l a t e  to  a l lo w  o n ly  th e  d i f f r a c t e d  beam 
r e a c h in g  th e  em uls ion  p l a t e  v i a  a s l i t  and ab so rb s  th e  d i r e c t  
beam. The em u ls ion  p l a t e  i s  p la c e d  normal to  th e  d i f f r a c t e d  
beam. " P r o j e c t i o n  topographs"  o f  th e  whole c r y s t a l  and i t s  im per­
f e c t i o n s  a r e  formed by t r a v e r s i n g  th e  c r y s t a l  and th e  em u ls io n  p l a t e  
t o g e th e r  a c ro s s  th e  beam (Lang, 1958).
A d i s t i n c t  advan tage  over th e  B e r g - B a r r e t t  method i s  t h a t ,  a 
l a r g e  a r e a  -  and hence volume -  can be  exam ined. F u r th e r  ad v a n ta g e s  
o f  th e  method a r e ,  t h a t  a low er background i n t e n s i t y  i s  re c o rd e d  
and doub le  im ages, a r i s i n g  from s im u l tan e o u s  r e f l e c t i o n  o f  th e  Ka 
d o u b le t ,  a r e  avoided  by c o l l im a t in g  th e  beam to  such an e x t e n t  as  
to  a l lo w  d i f f r a c t i o n  from one Ka l i n e  o n ly  a t  once.
The " s e c t i o n  topograph"  was f i r s t  used by Lang (1957) to
s tu d y  a s e t  o f  c r y s t a l  s e c t i o n s .  In  t h i s  way a com plete  t h r e e -
d im en s io n a l  p i c t u r e  may he b u i l t  up showing c o n d i t io n s  i n  th e
/
i n t e r i o r  o f  th e  m a t e r i a l .  The method i s  n o n - d e s t r u c t i v e ,  f o r  th e  
s e c t i o n s  a r e  o b ta in e d  w ith o u t  th e  need f o r  s l i c i n g  o r  e t c h in g  o f  
th e  specim en.
A ndersen and Gerward (1974) p roposed  a  m o d if ied  te c h n iq u e  o f  
s e c t i o n  topography ; u s in g  s te p  scan n in g  to  o b t a in  on a s i n g l e  
p i c t u r e  f u l l  in fo rm a t io n  about th e  t h r e e  d im en s io n a l  d i s t r i b u t i o n  
o f  d e f e c t s  i n  a l a r g e  c r y s t a l .
However, th e  " p r o j e c t i o n  topog raph"  throw s away in fo rm a t io n
a v a i l a b l e  i n  the  " s e c t i o n  topograph"  formed when th e  beam i s  narrow  
compared w i th  th e  b ase  o f  th e  Borrmann fa n  (Lang, 1958).  Thus th e  
s e c t i o n  topo g rap h  shou ld  be reg a rd ed  as  th e  more fu n d am e n ta l .  I n  
v e ry  t h i n  c r y s t a l s  and w ith  sm all  Bragg a n g le s ,  one canno t o b t a in  
• in fo rm a t io n ,  as  i t  i s  e x t re m e ly  d i f f i c u l t  to  meet th e  c o n d i t i o n ,  
t h a t  th e  w id th  o f  th e  i n c id e n t  beam be sm all  compared w i th  th e  w id th  
o f  th e  Borrmann fa n  (Tanner, 1976). For t h i s  one needs  to  modify  
th e  c o l l im a t in g  s l i t s  o f  th e  Lang cam era. A s l i t  o f  10 ym i s  g e n e r a l l y  
employed compared w ith  s l i t s  o f  up to  s e v e r a l  hundred m icrons  f o r  
p r o j e c t i o n  to p o g ra p h s .
S e c t io n  topog raphs  a re  e x tre m e ly  v a lu a b le  i n  d e te rm in in g  th e  
d ep th  o f  a d e f e c t  i n  a c r y s t a l .  An a l t e r n a t i v e  method f o r  d e te rm in in g  
th e  p o s i t i o n  o f  d e f e c t s  i s  to  ta k e  s t e r e o  p a i r s  o f  p r o j e c t i o n  to p o g ra p h s .  
T h is  i s  l e s s  s e n s i t i v e  and on ly  q u a l i t a t i v e ,  b u t  i s  q u ic k  to  p e rfo rm  
and e n a b le s  a l a r g e  a r e a  to  be  scanned a t  a t im e .
S te re o  to p og raphs  a r e  o f t e n  ta k e n  as a p a i r  i n  th e  (hk£) and 
(hk£) r e f l e c t i o n s .  Lang (1958) f i r s t  used th e  method o f  t h e  s t e r e o  
p a i r  o f  p r o j e c t i o n  topographs  to  g iv e  a p i c t u r e  o f  th e  s p a t i a l  d i s ­
t r i b u t i o n  o f  d i s l o c a t i o n s  o r  d e f e c t s  w i th i n  c r y s t a l s .  The te c h n iq u e  
i s  s im p le ,  an X -ray  r e f l e c t i o n  b e in g  o b ta in e d  from p la n e s  norm al 
o r  n e a r l y  normal to  th e  s l i c e .  The d i s p o s i t i o n  o f  r a y s  i s  on th e  
l e f t  hand , f o r  t h e ( h k £ ) r e f l e c t i o n ,  and on th e  r i g h t  hand f o r  th e  
(hk£) r e f l e c t i o n .  The im p e r f e c t io n s  i n  th e  c r y s t a l  w i th  t h e i r  r e l a t i v e  
p o s i t i o n s  w i l l  be d i f f e r e n t  from th e  (hkft) and (hk&) r e f l e c t i o n s  on th e  
to p o g ra p h s .  The topog raphs  form a s t e r e o  p a i r  and e n la rg e m e n ts  o f  them 
can be s tu d ie d  i n  a s ta n d a rd  s t e r e o  v ie w e r .  The l e f t  eye v iew s an (hk£)
to p o g ra p h ,  w h i le  th e  r i g h t  eye views an (hkit) to p o g ra p h  i n  a norm al 
s t e r e o  v iew er  ( J e n k in so n ,  1962). Care must be ta k e n  i n  ch o o s in g  th e  
manner i n  which th e  (hk£) topograph  i s  ta k e n :  sym m etr ica l can
be r o t a t e d  i n t o  d i f f r a c t i o n  c o n d i t io n  by a 180° r o t a t i o n  a b o u t th e  
specim en norm al o r  by a 180° r o t a t i o n  ab o u t th e  d i r e c t i o n  p e r p e n d i c u la r  
to  and to  th e  specimen norm al.  Only th e  fo rm er g iv e s  a t r u e
s t e r e o  p a i r  w i th  ( h k f ) ; th e  l a t t e r  g iv e s  an (hk&) to p o g ra p h ic  i d e n t i c a l  
to  th e  ( h k £ ) .
H aru ta  (1965) used a n o th e r  te c h n iq u e  f o r  s t e r e o  to p o g ra p h s .  Both
to p o g rap h s  a r e  ta k e n  o f  th e  same (_hk£) r e f l e c t i o n ,  b u t ,  w i th  d i f f e r e n t
amounts o f  specim en r o t a t i o n  about th e  d i f f r a c t i o n  v e c t o r  g , . OnetIK>j6
to p ograph  i s  ta k e n  w i th  a -1 0 °  t i l t ,  and th e  second topograph, i s  ta k e n  
w i t h  a +10° t i l t .  This  method a p p l i e s  even to  th o s e  r e f l e c t i o n s  where 
Lang’ s method f a i l s ,  f o r  c e r t a i n  asym m etr ica l r e f l e c t i o n s .  The advan­
ta g e  o f  t h i s  te c h n iq u e ,  f o r  ta k in g  s t e r e o  p a i r s ,  i s ,  t h a t  c o n t r a s t  
asym m etries  -  due to  th e  sense  o f  th e  s t r a i n  v e c t o r  -  do n o t  i n t e r f e r e  
w i th  th e  s t e r e o  e f f e c t .
The " l i m i t e d - p r o j e c t i o n  topography"  te c h n iq u e  i s  used  to  a l lo w  
X -ray  topog raphs  to  be made o f  d e f e c t s  ly i n g  a t  v a r io u s  d e p th s  below  
th e  c r y s t a l  s u r f a c e .  In  t h i s  te c h n iq u e ,  which was d eve loped  by Lang 
(1963 ) ,  th e  s l i t s  i n s e r t e d  beh ind  th e  c r y s t a l  a r e  a d ju s t e d  to  a l lo w  
o n ly  one p a r t  o f  th e  d i f f r a c t e d  X -ray beam to  r e a c h  th e  p h o to g ra p h ic  
p l a t e .  The w id th s  o f  the  s l i t s  and t h e i r  r e l a t i v e  p o s i t i o n  w i t h i n  
th e  d i f f r a c t e d  beam d e te rm in e  th e  w id th  o f  th e  r e g io n  imaged a t  i t s  
d e p th  below  th e  c r y s t a l  s u r f a c e .  Hence th e  name " l i m i t e d - p r o j e c t i o n  
to p o g ra p h y " .
I n  t h i s  manner, s u r f a c e  damage can  be d i s t i n g u i s h e d  from b u lk  
damage, and can  even be sc reened  o u t  to  a l lo w  b u lk  damage to  be  seen  
i n  th e  p re s e n c e  o f  s u r f a c e  damage (B lech  e t  a l ,  1965).
M eieran and B lech  C1968) used th e  ’’l i m i t e d - p r o j e c t i o n  to p o g rap h y ” 
te c h n iq u e  to  s e p a r a t e  d i r e c t  and dynam ical image com ponents. S in ce  
th e  two ty p e s  o f  images e i t h e r  form a t  d i f f e r e n t  t im es  d u r in g  th e  
e x p o su re ,  o r  t r a v e l  a long  d i f f e r e n t  p a th s  th ro u g h  th e  c r y s t a l  -  
depending  on which c r y s t a l  s u r f a c e  th e  d e f e c t s  l i e  -  one image com­
p o n e n t  can be sc reen ed  o u t ,  le a v in g  o n ly  th e  o th e r  image component.
I n  t h i s  manner, dynam ical topographs  o r  d i r e c t  image to p o g rap h s  can 
be r e c o rd e d ,  a id in g  in  th e  i n t e r p r e t a t i o n  o f  c o n t r a s t .
Gerward (1970) used  th e  " l i m i t e d - p r o j e c t i o n  topography"  d e v is e d  
by Lang (1963) to  d e te rm in e  th e  p o s i t i o n s  o f  t h e  d i s l o c a t i o n  lo o p s ,  
which were g e n e ra te d  from annea led  s c r a t c h e s  on s i l i c o n  s u r f a c e s .
He o b se rved  th e  dynam ical d i f f r a c t i o n  images o f  th e  d i s l o c a t i o n  lo o p s .  
A lso ,  he has  shown a topograph  o f  an an n ea led  s c r a t c h  a t  1200°C, 
w i th  copper Ko^ r a d i a t i o n ,  w h ile  th e  f u l l  w id th  o f  th e  d i f f r a c t e d  
beam was a llow ed  to  re a c h  th e  p h o to g ra p h ic  p l a t e .
I n  t h i s  c a se  th e  d i r e c t  beam i s  c o m p le te ly  absorbed  and th e  
dynam ical images cou ld  be seen  in  good c o n t r a s t .  No d i r e c t  images 
a r e  p roduced ,  b u t  some o f  th e  m u l t ip l y  r e f l e c t e d  r a y s  p e n e t r a t e  th e  
c r y s t a l ,  w i th  reduced  a b s o r p t io n  (anomalous t r a n s m i s s i o n ) .  I n  th e  
case  o f  low a b s o r p t io n  i n  th e  c r y s t a l  i t  i s  p o s s i b l e  to  o b s e rv e  th e  
c o n t r a s t  betw een th e  d i r e c t  and dynam ical imqges on " l i m i t e d - p r o j e c t i o n  
to p o g ra p h s " .
Gerward (1970) observed  t h a t  th e  images o f  th e  d i s l o c a t i o n  
lo o p s  had a w h ite  c o n t r a s t  and th e  s c r a tc h e s  a r e  p a r t l y  v i s i b l e  
w i th  a b la c k  c o n t r a s t  and p a r t l y  w ith  a w h ite  c o n t r a s t .  The 
d i s l o c a t i o n  loops  a r e  s i t u a t e d  a t  20 ym to  40 ym from th e  su r-face , 
w h ereas ,  th e  d i r e c t  images o f  th e  s c r a tc h e s  a r e  v i s i b l e  down to  a 
d e p th  o f  60 to  100 ym below th e  s u r f a c e ,  w i th  d i f f e r e n t  s l i t  p o s i t i o n s .
K h a tse rn o v  and Isaak y an  (1973) p roposed  a m o d if ied  method o f  
" l i m i t e d - p r o j e c t i o n  to p og raphy" ,  u s in g  an i n c l i n e d  s l i t  i n  th e  
d i f f r a c t e d  beam. The r e s u l t i n g  to p o g rap h  can be used  to  a n a ly s e  
th e  d e f e c t  d i s t r i b u t i o n ,  b u t  o n ly  a narrow  band from each  d e p th  i n  
th e  sample i s  r e c o rd e d .
The " l i m i t e d - p r o j e c t i o n  topography"  has  a u s e f u l  a p p l i c a t i o n  
i n  e s t a b l i s h i n g  th e  one to  one co rresp o n d en ce  o f  e tch , p i t s  and 
d i s l o c a t i o n  o u tc ro p s  (Tanner 1976). While in g e n io u s ,  th e  te c h n iq u e  
has l i m i t e d  a p p l i c a t i o n ,  as i t  can o n ly  be  used  i n  c o n d i t io n s  o f  
low a b s o r p t i o n  and where th e  w id th  o f  th e  b ase  o f  th e  Borrmann f a n  
i s  s u b s t a n t i a l .  I t  i s  n o t  a p a r t i c u l a r l y  s e n s i t i v e  method f o r  
d e te rm in in g  th e  depth, o f  d e f e c t s  i n  th e  c r y s t a l .
1 .3 .3  Comparison Between T ran sm iss io n  X -ray M icroscopy and E l e c t r o n  
M icroscopy
X -ray  m icroscopy  i s  a non d e s t r u c t i v e  te c h n iq u e  and a p o w erfu l  
t o o l  f o r  th e  s tu d y  o f  d e f e c t s  i n  n e a r l y  p e r f e c t  c r y s t a l s  (Lang, 1957).  
X -ray  ex p e r im en ts  in d i c a te d  t h a t  i n d i v id u a l  d i s l o c a t i o n s  can be 
d e t e c te d  in  any c r y s t a l  p rov ided  t h a t  th e y  a r e  th e  p r i n c i p a l  im per­
f e c t i o n  p r e s e n t  and t h a t  t h e i r  d e n s i t y  i s  f a i r l y  low i e .  low er th a n
th e  1C)6 l i n e  ]  cm^ (Lang, 1958). The minimum image w id th  o f  a d i s ­
l o c a t i o n  i s  o f  th e  o rd e r  o f  one m icron  and t h i s  p la c e s  a r e s t r i c t i o n
on th e  f i n e  d e t a i l  which can be o b se rv ed .
D i s lo c a t io n s  can be seen  w i th  good c o n t r a s t  when th e  p ro d u c t  
o f  l i n e a r  a b s o r p t io n  c o e f f i c i e n t  y and s l i c e  th i c k n e s s  t  i s  o f  t h e  
o rd e r  o f  u n i t y  o r  l e s s  (< 1 ) .  I f  y t  >> 1 th e  c o n t r a s t  i s  r e v e r s e d  
th ro u g h  th e  Borrmann e f f e c t .  T h inner though l a r g e r  c r y s t a l s  may 
be examined by Lang’ s t e c h n iq u e .  T h ick e r  specim ens up to  one cm 
can be examined i f  "anomalous t r a n s m is s io n "  can be in d u c e d .  I n  t h i s  
c a s e ,  however, th e  d i s l o c a t i o n s  d e n s i t y  must n o t  n o rm a lly  exceed  10^ 
l in e /c m ^ .  No s i g n i f i c a n t  m a g n i f ic a t io n  o ccu rs  on th e  to p o g ra p h ,  b u t  
o p t i c a l  m icroscopy  can be used to  e n la r g e  th e  topograph  f o r  maximum 
m a g n i f i c a t io n  up to  x300 i f  hard  r a d i a t i o n s  a r e  used and maximum
m a g n i f i c a t io n  up to  x800 i f  s o f t  r a d i a t i o n s  a r e  used (Lang, 1966) .
The Lang te c h n iq u e  i s  cap ab le  o f  h ig h  s p a t i a l  r e s o l u t i o n  i n  
th e  l i m i t  o f  (1 -2  ym) and was one o f  th e  f i r s t  to p o g ra p h ic a l  methods 
i n  which an image o f  a d i s l o c a t i o n  was unam biguously  d e p i c te d  (Lang, 
1958).
The most s u c c e s s f u l  a p p l i c a t i o n s  have been  w ith  sem ico n d u c to rs  
and non m e t a l l i c  s i n g l e  c r y s t a l s .  The d is a d v a n ta g e s  o f  th e  te c h n iq u e s  
a r e  th e  long  exposure  tim es and th e  long  n u c l e a r  em uls ion  p l a t e  
p r o c e s s in g  t im e s .
By com parison , th e  e l e c t r o n  m icroscopy  te c h n iq u e  i s  a d e s t r u c t i v e  
one. The d i s a d v a n ta g e s  o f  t h i s  te c h n iq u e  a r e  t h a t  o n ly  t h i n  specim en
Oo f  th e  o rd e r  o f  10J A0 may be u se d ,  w hich may- n o t  r e p r e s e n t  th e  b u lk
specim en from which i t  was p r e p a re d .  The te c h n iq u e  exam ines o n ly  
sm all  a r e a s  - . a n d  hence volum es. The advan tage  o f  t h i s  te c h n iq u e  
i s  t h a t  i t  can be used f o r  t h i n  f i lm  of much h ig h e r  r e s o l u t i o n .
T h is  i s  because  th e  minimum w id th  o f  th e  d e f e c t  image i s  o f  th e  
o rd e r  o f  10 A° and u s e f u l  m a g n i f i c a t io n  up t o  x l0 0 ,0 0 0 ,  a l lo w in g  
o b s e r v a t io n  o f  i n d i v id u a l  d i s l o c a t i o n s ,  when th e  d i s l o c a t i o n  d e n s i t y  
i s  f a r  i n  ex ce ss  o f  10^ l in e s /c m ^  (K ato , 1967).
From a  re v ie w  a r t i c l e  by Kato (1967) t h e r e  a r e  two im p o r ta n t  
d i f f e r e n c e s  betw een th e  X -rays  and e l e c t r o n  waves.
F i r s t ,  th e  r a t i o  o f  th e  a n g u la r  range  o f  i l l u m i n a t i o n  to  th e  
a n g u la r  range  o f  r e f l e c t i o n  i s  v e ry  d i f f e r e n t .  The a n g u la r  range
—2o f  r e f l e c t i o n  o f  100 KV e l e c t r o n s  by a p e r f e c t  c r y s t a l  i s  abou t 10 
r a d i a n s  f o r  s t ro n g  r e f l e c t i o n s ,  b u t  th e  ran g e  o f  i l l u m i n a t i o n  o f  th e  
specim en does n o t  u s u a l l y  exceed 10” ^ r a d i a n s .  Thus th e  i n c i d e n t  
e l e c t r o n  beam e f f e c t i v e l y  a c t s  a s  a p la n e  wave. • I f  th e  i l l u m i n a t e d  
r e g io n  o f  th e  specim en i s  o r i e n t e d  as  a  whole f o r  Bragg r e f l e c t i o n ,  
th e n  a l o c a l l y  d i s t o r t e d  p a r t  o f  th e  i l lu m in a te d  r e g io n  w i l l  no 
lo n g e r  be a b le  to  s a t i s f y  th e  Bragg c o n d i t io n  f u l l y .
On th e  o th e r  hand, in  th e  X -ray c a s e ,  th e  a n g u la r  ra n g e  o f  
r e f l e c t i o n  i s  o f  th e  o rd e r  o f  lO” "* r a d ia n s  and th e  a n g u la r  range  
o f  i l l u m i n a t i o n  i s  o f  th e  o rd e r  o f  10 to  10 r a d i a n s ;  th e  a n g u la r  
ran g e  o f  i l l u m i n a t i o n  i s  th u s  more th a n  ad eq u a te  to  g e n e r a te  th e  
f u l l  i n t e g r a t e d  r e f l e c t i o n  b o th  from th e  p e r f e c t  m a t r ix  and from 
an in c o h e r e n t l y  r e f l e c t i n g  s l i g h t l y  m is o r ie n te d  r e g io n  w i t h i n  i t .
I t  i s  t h i s  r a t i o  o f  a n g u la r  range  o f  i l l u m i n a t i o n  to  a n g u la r
ran g e  o f  r e f l e c t i o n ,  t h a t  i n  th e  X -ray  case  p e rm i ts  such i n t e n s e  
c o n t r a s t  o f  d i s l o c a t i o n  images to  be g e n e ra te d  when a b s o r p t i o n  i s  
low.
Second, t h e r e  a re  l a r g e  d i f f e r e n c e s  i n  Bragg a n g le  t y p i c a l l y  
1° f o r  th e  e l e c t r o n  case  and 10° f o r  th e  X -ray  c a s e .  T h is  d i f f e r e n c e ,  
coup led  w ith  th e  f a c t  t h a t  specim ens a r e  t h i c k e r  i n  th e  X -ray  c a s e ,  
l e a d s  to  c o n s id e r a t io n  b e in g  g iv en  to  d e te rm in e  th e  image c o n t r a s t  
a t  th e  X -ray e x i t  s u r f a c e  to  a  t r i a n g u l a r  f a n  shaped r e g io n  i n  th e  
c r y s t a l ,  i n  c o n t r a s t  to  th e  "narrow  column" ap p ro x im a tio n  te c h n iq u e  
used  i n  t r a n s m is s io n  e l e c t r o n  m icroscopy ,  in t ro d u c e d  by H ir s c h  e t  
a l  (1965 ) .
In  specim ens whose th ic k n e s s  ra n g e s  upwards from a few e x t i n c t i o n  
d i s t a n c e s ,  a v a r i e t y  o f  d i f f r a c t i o n  phenomena can o c c u r ,  w hich a r e  n o t  
observed  in  t h i n  f i lm  e l e c t r o n  m ic ro sco p y , and, th e s e  b e a r  w i tn e s s  to  
th e  f a c t  t h a t  t h e r e  a re  c o m p le x i t ie s  i n  th e  X-ray d i f f r a c t i o n  s i t u a ­
t i o n  from which e l e c t r o n  m icroscopy  i s  f r e e .  Such c o m p le x i t i e s  a r e  i n  
p a r t  r e s p o n s ib l e  f o r  th e  l e s s  developed  s t a t e  o f  X -ray  d i f f r a c t i o n  
c o n t r a s t  th e o ry  compared w i th  t h a t  worked o u t  f o r  e l e c t r o n s .  A n o ta b l e  
s i m p l i f i c a t i o n  w i th  th e  X -ray te c h n iq u e ,  however, i t  t h a t  a s i n g l e  
Bragg r e f l e c t i o n  can be a r ran g ed  and t h a t  o n ly  one i s  r e s p o n s i b l e  f o r  
p ro d u c in g  th e  to p o g rap h .
A ccord ing  to  Isherwood and W allace  (1974) th e  i n v e s t i g a t o r ,  
when s e l e c t i n g  th e  p a r t i c u l a r  to p o g ra p h ic a l  te c h n iq u e  to  be used  
must f i r s t  d e c id e  w hether  i t  i s  s u f f i c i e n t l y  s e n s i t i v e  to  image th e  
d e f e c t  to  be s tu d i e d ,  and th e n  to  c o n s id e r  i f  th e  r e s o l u t i o n  i s  such  
t h a t  th e  d e f e c t  can be reco rd ed  i n  i s o l a t i o n .  U n f o r tu n a te ly ,
s e n s i t i v i t y  and r e s o l u t i o n  a r e  in t e r d e p e n d e n t ,  c o n f l i c t i n g  p a ra m e te r s ,  
and c o n s e q u e n t ly  to p o g ra p h ic a l  te c h n iq u e s  w i th  h ig h  s t r a i n  s e n s i t i v i t y  
i n v a r i a b l y  p o s se s s  poor s p a t i a l  r e s o l u t i o n ,  and v i c e  v e r s a .  The to p o ­
g ra p h e r  i s  o f t e n  fo rc e d  to  e x e r c i s e  some compromise betw een s e n s i t i v i t y  
and r e s o l u t i o n .
CHAPTER 2
MATERIALS AND EXPERIMENTAL TECHNIQUES
2 .1  M a te r i a l s
2 .1 .1  Growth Mode, E l e c t r i c a l  C h a r a c t e r i s t i c s  and Dimensions o f  
S u b s t r a t e s
Two ty p e s  o f  grown s i l i c o n  s in g le  c r y s t a l s  were used  c o n s i s ­
t e n t l y  f o r  th e  work r e p o r te d  i n  t h i s  t h e s i s .  These w ere:
C z o c h ra ls k i  Grown C ry s ta l s
i .  I n t r i n s i c  s u b s t r a t e s ,  d i s l o c a t i o n  f r e e  and w i th  a nom inal 
r e s i s t i v i t y  o f  10^ ftcm. T h e s e .s u b s t r a t e s  were r e c e iv e d  as 
sawn w i th  a th i c k n e s s  o f  1 mm and a d ia m e te r  o f  2 i n c h e s .
i i .  H e a v i ly  doped antimony s u b s t r a t e s ,  saw damage f r e e  and 
w i th  a nominal r e s i s t i v i t y  10 ftcm. These s u b s t r a t e s  were 
r e c e iv e d  in  th e  form o f s ta n d a rd  i n d u s t r i a l  s u b s t r a t e s  
i e .  th e  w orking s u r f a c e  had been  c h e m ic a l ly -m e c h a n ic a l ly  
p o l i s h e d  and th e  o th e r  s id e  had been e t c h - p o l i s h e d .  These 
s u b s t r a t e s  were 285 ym th i c k  w i th  a d ia m e te r  o f  1 .5  i n c h e s .
i i i .  H e a v i ly  doped phosphorus s u b s t r a t e s ,  d i s l o c a t i o n  f r e e ,  saw 
damage f r e e ,  and w i th  a nom inal r e s i s t i v i t y  o f  10 ftcm.
These s u b s t r a t e s  were r e c e iv e d  in  th e  form o f  s ta n d a rd  
i n d u s t r i a l  s u b s t r a t e s ,  i e .  th e  w orking s u r f a c e  had b een  
p o l i s h e d  w ith  L u s tro x  and th e  o th e r  s id e  had been  e t c h -  
p o l i s h e d .  These s u b s t r a t e s  were 300 ym th i c k  w i th  a 
d ia m e te r  1 .5  in c h e s .
The C z o c h ra ls k i  grown s u b s t r a t e s  were s u p p l ie d  by M ulla rd  L t d . ,  
Southampton, E ng land . .
F lo a t in g -Z o n e  Grown C r y s ta l s
i .  L i g h t ly  doped phosphorus s u b s t r a t e s ,  a g a in  d i s l o c a t i o n  
f r e e ,  saw damage f r e e  and w i th  a nom inal r e s i s t i v i t y  
o f  8 ftcm. These s u b s t r a t e s  were r e c e iv e d  in  th e  form 
o f  s ta n d a rd  i n d u s t r i a l  s u b s t r a t e s  i e .  th e  w orking s u r f a c e  
had been  c h e m ic a l ly -m e c h a n ic a l ly  p o l i s h e d  u s in g  " L u s tro x "  
a s  a s lu r ry  aid th e  o th e r  s id e  h as  been  e t c h - p o l i s h e d .
These s u b s t r a t e s  were 190 ym t h i c k ,  w i th  a d ia m e te r  
o f  1 in c h .
The F lo a t - z o n e  grown s u b s t r a t e s  were s u p p l ie d  by Texas I n s t r u ­
m e n ts ,  B ed fo rd ,  England .
2 .1 .2  S u rfa c e  T rea tm ent o f  S u b s t r a te s  P r i o r  t o  Use
No s u r f a c e  t r e a tm e n t  was g iven  to  th e  F lo a t - z o n e  m a t e r i a l  
p r i o r  to  u s e .  These s u b s t r a t e s  were saw damage f r e e  and h as  been  
i n d u s t r i a l l y  c lean ed  and packed b e fo re  s u p p ly .
The i n t r i n s i c  s u b s t r a t e s  were s u b je c te d  to  th e  fo l lo w in g  
c l e a n in g  and c h e m ic a l -e tc h in g  p ro c e d u re .
The s u b s t r a t e s  were b o i l e d  i n  T r i c h lo r o e th y le n e  to  remove 
r e s i d u a l  t r a c e s  o f  wax, which were used to  embed th e  s i l i c o n  s i n g l e  
c r y s t a l s  i n  o rd e r  to  f a c i l i t a t e  s l i c i n g .  The s u b s t r a t e s  were b o i l e d  
i n  commercial HNO3 to  remove any heavy m e t a l l i c  io n s  on th e  s u r f a c e ,  
th e n  e t c h - p o l i s h e d  i n  a s o lu t i o n  c o m p ris in g ,  1 HF ; 4 HNO3 by volume
t o  remove a t  l e a s t  50 ym from each s u r f a c e ,  th u s  removing saw 
damage. The s u b s t r a t e s  were f lu s h e d  i n  a n a l a r  w a te r ,  th e n  f lu s h e d  
i n  a b s o lu t e  a l c o h o l .  •
The h e a v i ly  doped antimony s u b s t r a t e s  and th e  h e a v i ly  doped 
phosphorus  s u b s t r a t e s ,  grown by th e  C z o c h ra ls k i  method were e t c h -  
p o l i s h e d  i n  a s o l u t i o n  com pris ing  1 HF : 4 HNO3 by volume to  remove 
a t  l e a s t  20 ym from each  s u r f a c e ,  th u s  removing saw damage. These 
s u b s t r a t e s  were th e n  f lu s h e d  i n  a n a l a r  w a te r  and f i n a l l y  f lu s h e d  
in  a b s o lu t e  a l c o h o l .
2 . 1 .3  S p e c i f i c a t i o n  o f  S i l i c o n  S u b s t r a te s
i .  O r i e n t a t i o n
A l l  s i l i c o n  s u b s t r a t e s  used were s l i c e d  from c r y s t a l s  grown 
i n  [ 111] d i r e c t i o n  and were o b ta in e d  from e l e c t r o n i c  d e v ic e  
m a n u fa c tu re s .  An im p o r ta n t  f e a t u r e  common to  them a l l ,  f o r  
r e a s o n s  which have been  d is c u s s e d  in  S e c t io n  2.SL.2 was th e  
m i s o r i e n t a t i o n  o f  t h e i r  p h y s ic a l  s u r f a c e s  from th e  ( 111) 
s u r f a c e .
i i .  M is o r i e n t a t i o n
T h is  m i s o r i e n t a t i o n  Aoj° was ap p ro x im a te ly  3° tow ards  th e  
[ 110] d i r e c t i o n  about an a x i s  p a r a l l e l  to  ( 110) p la n e  chosen  
a s  a  r e f e r e n c e  f l a t ;  (see  F ig .  2 .1 ,  f o r  a d e t a i l e d  p i c t o r i a l  
d e s c r i p t i o n  o f  s u b s t r a t e  m i s o r i e n t a t i o n ) .  S ince  th e  
in f lu e n c e  o f  s u r f a c e  m i s o r i e n t a t i o n  was c o n s id e re d  to  p la y  
an im p o r ta n t  r o l e  on th e  r e s u l t s  o b ta in e d  i n  t h i s  t h e s i s ,  
a l l  th e  s u b s t r a t e s  were o r i e n t e d  a g a in  b e fo re  u s e ,  t o  a s c e r t a i n
(110)
reference 
flat
Slice
orientation
(110) ref. flat
[ O i l ]
V
[ i l l ] —[1103
/t
[101]
[110]
► Slice orientation [111]
Aoi° mis-oriented  
towards [110]
(110) ref. flat
Aw° A w c 
y n surface
[ m i
Fig. 2.1 Description of the substrate mis-orientation
th e  s u r f a c e  m i s o r i e n t a t i o n ,  unam biguously r e l a t i v e  to  
th e  (111) s u r f a c e ,  u s in g  a combined o p t i c a l - X - r a y  te c h n iq u e  
w hich i s  f u l l y  d e s c r ib e d  in  S e c t io n  2 . 2 . 2 . 2 .
2 .2  T echniques
2 .2 .1  D e s c r ip t i o n  o f  Lang Camera
The a p p a ra tu s  i s  i l l u s t r a t e d  in  F ig s .  2 .2  and 2 . 3 .  F ig .  2 .2  
i s  a  d iagram  o f  i t s  p r i n c i p a l  f e a t u r e s ,  in c lu d in g  th e  X -ray  p a th  and 
th e  r e l a t i v e  p o s i t i o n s  o f  th e  specimen and p h o to g ra p h ic  p l a t e ,  X ^ray  
from th e  m ic ro fo cu s  sp o t sou rce  a r e  c o l l im a te d  by th e  d iv e rg e n c e  
s l i t s  L i and a r e  d i f f r a c t e d  by th e  c r y s t a l .  The d i f f r a c t e d  beam 
p a s s e s  th ro u g h  a second p a i r  of s l i t s  L2 , which a l s o  s e rv e s  to  s to p  o u t  
th e  d i r e c t  beam, and i s  d e te c te d  e i t h e r  by a p h o to g ra p h ic  p l a t e  o r  
a s c i n t i l l a t i o n  c o u n te r .  The p l a t e  and th e  c r y s t a l  a r e  t r a v e r s e d  
sy n ch ro n o u s ly  r e l a t i v e  to  the  beam.
F ig .  2 .3  shows a p h o to g rap h  o f  th e  in s t ru m e n t  i t s e l f .  I t  can 
be seen  t h a t  th e  beam p a s s e s  from l e f t  to  r i g h t  down th e  s c a t t e r  
tu b e  (1) th ro u g h  th e  c o l l im a t in g  s l i t s  ( 2 ) .  The specim en i s  o bscu red  
from v iew  by th e  s to p  s l i t s  im m edia te ly  i n  f r o n t  o f  th e  p l a t e  c a s s e t t e  
( 4 ) .  The t r a v e r s i n g  mechanism b e d p la te  i s  a t  ( 5 ) ,  and th e  s c i n t i l l a t i o n  
c o u n te r  and c r y s t a l  t u r n  t a b l e s  a r e  shown a t  p o s i t i o n  ( 3) .
2 . 2 .2  E x p e r im en ta l  D e te rm in a t io n  of  th e  M is o r i e n t a t i o n  Angle Aa)° o f  
S in g le  C r y s ta l s  Near (111) S u rface  Using Combined O p t ic a l - X - r a y  
Technique ' •
The s i l i c o n  s l i c e s  su p p l ie d  by i n d u s t r y  were m a in ly  n e a r  (111) 
s u r f a c e s ,  i n  g e n e ra l  th e  s l i c e s  have a r e f e r e n c e  f l a t  n o rm a l ly  p a r a l l e l  
to  ( 110) p la n e  to  f a c i l i t a t e  th e  o r i e n t a t i o n  and th e  c r y s t a l  s e t t i n g ;
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see  F ig .  2 .1 .  The p h y s ic a l  s u r f a c e  i s  m is o r i e n te d  by an an g le  Au)°
ab o u t 3° from th e  a c t u a l  (111) s u r f a c e  tow ards th e  [110] d i r e c t i o n .
I n  some c a s e s ,  t h e r e  i s  no r e f e r e n c e  f l a t ,  so i t  becomes v e ry  
im p o r ta n t  to  r e o r i e n t  th e  c r y s t a l .  S ince  th e  in f lu e n c e  o f  th e  s u r f a c e  
m i s o r i e n t a t i o n  was co n s id e re d  to  p la y  an im p o r ta n t  r o l e  i n  th e  r e s u l t s  
r e p o r te d  i n  t h i s  t h e s i s ,  a l l  s l i c e s  used  were r e o r i e n t e d  a g a in  b e f o r e
u s e  to  a s c e r t a i n  th e  s u r f a c e  m i s o r e i n t a t i o n .
A new te c h n iq u e  has  been developed  by B a d r ic k ,  E ld eg h a id y  and 
Shahid  ( f o r th c o m in g ) , to  d e te rm in e  th e  o r i e n t a t i o n  and th e  m i s o r i e n t a t i o n  
o f  s i n g l e  c r y s t a l s .
The te c h n iq u e  i s  v e ry  q u ic k ,  r e l i a b l e ,  e f f i c i e n t  and n o n -p h o to -
g ra p h ic  f o r  h ig h ly  p r e c i s e  o r i e n t a t i o n  o f  s i n g l e  c r y s t a l s ,  to  o b t a i n
an a l ig n m en t  acc u racy  o f  a sm all f r a c t i o n  o f  second o f  a r c ,  and
\
a c c u ra c y  o f  abou t ± 5 m inu tes  o f  a r c  o f  th e  m i s o r i e n t a t i o n  a n g le  o f  
th e  p h y s ic a l  s u r f a c e .  The d iagram  i n  F ig .  2 .4  d e s c r ib e s  th e  p a th s  
o f  ' th e  i n c i d e n t  and th e  d i f f r a c t e d  beams, th e  p o s i t i o n  o f  th e  s c i n t i l ­
l a t i o n  c o u n te r  which i s  governed by th e  e q u a t io n :
W = 9° -  W 0BUti ± * “ ( 2 -X)
W i s  th e  an g le  o f  c r y s t a l  r o t a t i o n  re c o rd e d  e x p e r im e n ta l ly  i n  th e  
c o u n te r  o f  r o t a r y  t a b l e  o f  Lang cam era, i s  th e  a n g le  betw een
{hk£} p la n e  and th e  a c t u a l  (111) s u r f a c e ,  ^Bhkil *’s t *ie a n g le
o f  th e  {hk£} p la n e  f o r  MoKa^ r a d i a t i o n ,  Am i s  th e  c a l c u l a t e d  m is­
o r i e n t a t i o n  a n g le  o f  th e  p h y s ic a l  s u r f a c e .
s.c.
(hkl)
(111)
Physical
surface
X-ray source
S.C.
a n )
Physical
surface
Acu
X-ray source
(a) (b)
Fig. 2 .4  Schematic illustrations showing the positions of 
the Scintillation Counter due to the paths of the 
incident and diffracted beams to the plane (hkl), 
Au>° the misorientation angle, <#>hkl h^e angle 
between the (hkl) plane and ( i l l )  plane, 29B 
twice Bragg’s angle.
The p r i n c i p a l  f e a t u r e s  o f  th e  te c h n iq u e  a r e :  th e  X -ray  Lang 
method o f  sym m etr ica l t r a n s m is s io n ;  an o p t i c a l  sou rce  used  to  make 
th e  p h y s ic a l  s u r f a c e  normal to  th e  i n c id e n t  beam; th e  s ta n d a rd  
gon iom eter  w i th  th e  u s u a l  p r o v i s io n  f o r  a l t e r i n g  th e  c r y s t a l  . 
o r i e n t a t i o n ,  and a gon iom eter-head  specimen h o ld e r  used  to  r o t a t e  
th e  specim en.
The gon iom eter-head  specimen h o ld e r  F ig .  2 .5  was d e s ig n ed  and 
c o n s t r u c t e d  i n  th e  workshop o f  th e  D epartm ent o f  P h y s ic s  o f  th e  
U n iv e r s i t y  o f  S u r re y .  I t  has a f a c i l i t y  n o t  o n ly  f o r  r o t a t i n g  th e  
specim en th ro u g h  360° about a h o r i z o n t a l  a x i s ,  b u t  a l s o  a  p r o v i s i o n  
to  t i l t  th e  specim en p h y s i c a l ly  to  make i t s  p o l i s h e d  m is o r i e n te d  
s u r f a c e  normal to  th e  i n c id e n t  X -ray .
2 . 2 .2 . 1  O r i e n t a t i o n  o f  S in g le  C ry s ta l  Near (111) S u rface
The a c t u a l  p ro ced u re  to  o r i e n t  a s i n g l e  c r y s t a l  i s  as  f o l lo w s :
1. Mount th e  specim en i n  the  m iddle  o f  th e  gon iom ete r-head
h o ld e r  w i th  th e  p o l i s h e d  s u r f a c e  f a c in g  th e  X -ray  beam.
2. A lig n  th e  specimen normal to  th e  X -ray and make th e  c o u n te r s
o f  th e  r o t a r y  t a b l e s  o f  Lang camera s e t  a t  th e  ze ro  p o s i t i o n .
3. S e t  th e  s c i n t i l l a t i o n  co u n te r  a t  20g p o s i t i o n  where 9g i s
th e  Bragg an g le  f o r  th e  111-type  r e f l e c t i o n  o f  MoKa^ r a d i a t i o n .
4 . R o ta te  th e  goniom eter r o t a r y  t a b l e  th ro u g h  an an g le  W f o l lo w in g
e q u a t io n  2 . 1 ,
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5. R o ta te  th e  specimen about a h o r i z o n t a l  a x i s  i n t o  th e  
p o s i t i o n  f o r  Bragg r e f l e c t i o n  o f  X -rays  from th e  d e s i r e d  
s e t  o f  p l a n e s . *
6 . Use th e  key  f o r  r e f in e m e n t  i n  th e  o r i e n t a t i o n  u s in g  X and Y 
t i l t  c o n t r o l s  a t  th e  gon iom eter b ase  u n t i l  Ko^ and Ka,, can 
be  s e p a r a t e d .
7. Use th e  PANAX RATEMETER to  d e te rm in e  th e  i n t e n s i t y  o f  MoKa^ 
r a d i a t i o n ,  Ka^ and Ka^ components o f  MoKa r a d i a t i o n  can be 
e a s i l y  r e s o lv e d  i n  th e  r a t i o  2 : 1 .
8 . Mark th e  p o s i t i o n  of th e  specimen as  where h e ld  on th e  
g on iom eter-head  h o ld e r  to  avo id  any r o t a t i o n  o f  th e  c r y s t a l  
a f t e r  o r i e n t a t i o n .
9. S c r ib e  th e  s u r f a c e  o f  th e  specim en norm al to  th e  g on iom eter
b a s e  by u s in g  diamond n e e d le .  •
The d e s i r e d  o r i e n t a t i o n  i s  com plete  and t h i s  i s  th e  g e n e r a l  
way to  o r i e n t  th e  c r y s t a l  f o r  any r e f l e c t i o n .
2 . 2 . 2 .2  Measurements o f  th e  S l i c e  M i s o r i e n t a t i o n
The d iag ram  in  F ig .  2 .1  shows th e  p h y s i c a l  s u r f a c e  i n c l i n e d
to  th e  a c t u a l  s u r f a c e  by Am0 . I t  a l s o  i n d i c a t e s  th e  an g le  betw een 
th e  norm als  to  th e  p h y s ic a l  and th e  a c t u a l  C H I) s u r f a c e .
There a r e  s i x  220-type  p e r i p h e r a l  r e f l e c t i o n s .  S t a r t i n g  from 
any one o f  th e  220- ty p e  r e f l e c t i o n s  and go ing  round f o r  a l l  s i x ,  
f i r s t  c lo ck w ise  and th e n  a n t i - c lo c k w i s e ,  one can d e te rm in e  and
c a l c u l a t e  th e  e x i s t i n g  m i s o r i e n t a t i o n .  The geom etry o f  F ig .  2 ,6
g iv e s  b o th  th e  m i s o r i e n t a t i o n  an g le  of th e  s u r f a c e  and th e  a x i s  o f
r o t a t i o n  from (1 1 1 ) .
P ro c e d u re s :
a .  Repeat th e  s t e p s  from (1 -7 )  i n  th e  p r e v io u s  te c h n iq u e  o f
th e  o r i e n t a t i o n  f o r  any one o f  th e  2 2 0 -type  r e f l e c t i o n s .
b .  S e t  th e  o p t i c a l  sou rce  n e a r  to  th e  X -ray  so u rce  so t h a t  a
c o l l im a te d  beam o f  w h ite  l i g h t  t r a v e l s  p a r a l l e l  to  th e  X -ray
a x i s .
c .  F ix  a p in h o le  i n  th e  m idd le  o f  th e  c o l l im a t in g  s l i t  o f  th e  
X -ray  tube  to  a l lo w  a narrow  beam o f  l i g h t  to  p a s s  th r o u g h  
i t  which i s  r e f l e c t e d  back  from th e  p h y s ic a l  s u r f a c e  o f  th e  
specim en.
d . T i l t  th e  specimen abou t a v e r t i c a l  a x i s  and r o t a t e  i t  a b o u t
a h o r i z o n t a l  a x i s ,  so t h a t  th e  r e f l e c t e d  image o f  th e  p in h o le  
c o in c id e s  w i th  i t .
e .  The p re v io u s  s te p  makes th e  p h y s ic a l  s u r f a c e  norm al to  th e  
i n c i d e n t  o p t i c a l  beam. I t  was assumed t h a t  under  th e  e x p e r i ­
m e n ta l  c o n d i t io n s  d e s c r ib e d ,  th e  X -ray  and o p t i c a l  beam would 
t r a v e l  a long  th e  same p a th .  T h is  i s  known as  th e  ze ro  p o s i t i o n .
f .  Keep th e  s c i n t i l l a t i o n  co u n te r  a t  20g p o s i t i o n  where 0g i s  th e  
Bragg an g le  o f  th e  220-type  r e f l e c t i o n .
g . R epeat th e  s t e p s  (4-7)  in  th e  o r i e n t a t i o n  te c h n iq u e  and c a l c u l a t e
th e  m i s o r i e n t a t i o n  an g le  Am from e q u a t io n  2 .1 ,  s e e  t a b l e  
2 . 1 .
h .  R o ta te  th e  c r y s t a l  i n t o  th e  c lockw ise  d i r e c t i o n  th ro u g h  
360° i n  s te p  o f  60° s e a rc h in g  f o r  t h e  n e x t  220,-ty p e  
r e f l e c t i o n .
i .  Check th e  n o rm a l i ty  o f  th e  p h y s i c a l  s u r f a c e  by t h a  o p t i c a l  
m ethod.
j .  R epeat s t e p s  (g&h) f o r  a n t i - c lo c k w i s e  d i r e c t i o n ,
k .  P l o t  a g rap h  between th e  mean v a lu e  o f  th e  m i s o r i e n t a t i o n
an g le  Aio and th e  an g le  o f  r o t a t i o n  0.
1. Deduce th e  m i s o r i e n t a t i o n  an g le  Am° from th e  c u rv e  and f in d  
o u t  th e  sense  o f  th e  m i s o r i e n t a t i o n .
2 . 2 .3  Specimen P r e p a r a t io n  f o r  S c ra tc h in g
The s i n g l e  s i l i c o n  c r y s t a l  was r e c e iv e d  i n  th e  s ta n d a rd  form 
o f  a d i s c .  I t s  d im ensions  v a r i e d  betw een 1 i n c h  and 2 in c h e s  i n  
d ia m e te r  and th e  th ic k n e s s  v a r i e d  betw een 200 pm and 1 mm. A f t e r  
r e o r i e n t i n g  th e  c r y s t a l ,  th e  s c r ib e  l i n e  was made on th e  w ork ing  
s u r f a c e  by th e  te ch n iq u e  d i s c u s s e d  i n  Sec. 2 . 2 . 2 , 1 ,  I t  i s  im p o r ta n t  
to  in t r o d u c e  a sim ple te c h n iq u e  f o r  p r e p a r in g  a specim en o f  sm a l l  
s i z e  f o r  an ex p e r im en t ,  w h ich  w i l l  re d u c e  th e  tim e r e q u i r e d  f o r  
e x p o su re  as  w e l l  as  save m a te r i a l  f o r  a n o th e r  e x p e r im e n t .  The 
h a n d l in g ,  c u t t i n g ,  b reakage  and p ack ing  o f  a specim en shou ld  be 
ta k e n  i n t o  c o n s id e r a t io n .
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Angle of rotation of peripheral {llO } planes
The c r y s t a l  was always hand led  by p l a s t i c  tw eeze rs  from th e  
edge* . The c r y s t a l  was s e t  between two g l a s s  s l i c e s ,  p a r t  o f  
which was p r o t e c t e d  w i th  le n s  t i s s u e  to  avoid , s l i p p i n g  and th e  
o th e r  p a r t  n o t  p r o te c te d  (see  F ig .  2 . 7 ) .
The c r y s t a l  was p re s s e d  g e n t ly  with, th e  thumb o f  th e  l e f t
hand to  f i x  th e  r e q u i r e d  p o s i t i o n .  The s c r i b e  l i n e  was alw ays k e p t
i n  th e  r i g h t  hand s id e  p a r a l l e l  to  th e  edge o f  th e  g l a s s  s l i c e s .
I t  i n d i c a t e d  th e  c r y s t a l l o g r a p h i c  d i r e c t i o n s .  The diamond saw was
used  to  c u t  th e  c r y s t a l  i n  th e  d i r e c t i o n  p a r a l l e l  to  th e  marked
s c r i b e  l i n e .  A s t r i p  a long  th e  c r y s t a l  was marked f o r  c u t t i n g  i n  
*
acc o rd an ce  w i th  th e  d im ension  o f  th e  specim en. Then th e  c r y s t a l  
was re a d y  to  be b roken  by p r e s s in g  g e n t ly  on th e  edge o f  th e  c r y s t a l  
w i th  th e  thumb o f  th e  r i g h t  hand w h ile  th e  thumb o f t h e  l e f t  hand 
was s t i l l  c o n t r o l l i n g  th e  rem a in ing  p a r t  o f  a c r y s t a l .  The specim ens 
were c u t  i n  r e c t a n g u l a r  shape , f o r  example 10 mm x 8 mm i n  d im e n s io n s ,  
to  f a c i l i t a t e  th e  c r y s t a l l o g r a p h i c  d i r e c t i o n  as  w e ll  as  th e  m ounting  
o f  th e  specim en . The specimens were c lean ed  i n  T r i c h l o r o e t h e l e n e  
u s in g  th e  U l t r a - s o n i c  a p p a ra tu s  i n  o r d e r  to  remove th e  d e b r i s  p roduced  
by c u t t i n g .
2 . 2 .4  S c ra tc h in g  Technique
The machine used  in  s c r a tc h in g  was t h a t  d e s ig n ed  and c o n s t r u c t e d  
by P u t t i c k ^ e t  a l  (1973) f o r  c o n t r o l l e d  s c r a t c h in g  o f  v a r i o u s  t h i c k n e s s
* S t e e l  t i p  tw eez e rs  a re  n o t  recommended as  t h i s  r e s u l t s  i n  
c r y s t a l  bend ing  and m echan ica l damage.
t  P u t t i c k ,  K. E. ( p r i v a t e  communication)
of  s i l i c o n  specim ens (see  F ig .  2 . 8 ) .  The specim en was s p e c ia l ly -  
mounted on a g l a s s  s l i c e  by d e n t a l  wax, .g re a t  c a re  was ta k e n  i n  
m ounting th e  specim en to  avoid  r o t a t i n g  th e  specimen by 180° a f t e r  
o r i e n t a t i o n .  The specimen was g r ip p e d  on th e  specim en s ta g e ^ b y  a 
vacuum g e n e ra te d  by a r o t a r y  pump. The s ta g e  was t r a v e r s e d  i n  two 
o r th o g o n a l  d i r e c t i o n s  by m icrom eters  e i t h e r  m anua lly  o r  by a c o n s ta n t  
- s p e e d  d r iv e  p ro v id ed  by a geared-down e l e c t r i c  m o to r .  The s l i d e r  
was a diamond s t y l u s  n e e d le  in  th e  form o f  a cone o f  60° a n g le  w i th  
a rounded t i p  o f  13 ym r a d iu s  ( s e e  F ig .  2 . 9 ) ,  o r  V ick e rs  diamond 
m ic ro h a rd n e ss  i n d e n te r  i n  th e  form o f  a pyram id o f  136° a n g le  
(s e e  F ig .  2 .1 0 ) .  These were mounted on a gramophone arm and loaded  
n o rm a l ly  to  50 gm. V a r ia t io n  o f  load  was o b ta in e d .
•
2 .2 .5  A nnealing  Technique
A Johnson M atthey Furnace ty p e  K25A N o.4692 o f  maximum te m p e ra tu r e  
1350°C i n  c o n d u c t io n  w i th  a Eurotherm  C o n t r o l l e r  ty p e  18 HI was used  
f o r  a n n e a l in g  th e  specimens (see  F ig .  2 ,11  o f  th e  f u r n a c e ,  th e  c o n t r o l l e r ,  
th e  a rg o n  c y l in d e r  and th e  d i g i t a l  v o l t m e t e r ) ,
A s i l i c a  tube  o f  th e  shape and d im ens ions  shown i n  F ig ,  2 .1 2 a  
was connec ted  to  a source  o f  pu re  a rgon  v i a  a s t a i n l e s s  s t e e l  tu b e .
A co n t in u o u s  flow  o f  a rgon  over th e  specim en d u r in g  a n n e a l in g  was 
c o n t r o l l e d  a t  a  r a t e  o f  2 f t ^ / h . s . t . p .
A q u a r t z  spoon o f  th e  shape and d im ens ion  shown i n  F ig .  2 .1 2 b ,
*
was connec ted  to  a d i g i t a l  v o l tm e te r  th ro u g h  a ch ro m e l-a lu m el the rm o­
co u p le  f o r  a n n e a l in g  th e  specim ens.
Crystal 
Scribe line
Two glass 
slices
Lens tissue
Fig. 2 .7  Crystal cutting technique
Fig. 2. 8 Machine used for scratching si l icon s l i c e s
1. Gramophone arm, 2 U Load, 3. Diamond indenter,
4. Specimen stage, 5. Micrometers, 6. Electric motor
Fig. 2.9 Diamond Stylus in the Form of a Cone of 60° Angle, X125
Fig. 2.10 Vickers Diamond in the Form of a Pyramid of 136° Angle, XI25
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I .D.  19m^i
60 cm
3
6 cm
(a) Silica tube
40 mm
Chromel-Alumel
Thermocouple 15 mm
35 cm
(b) Quartz spoonD .V
Fig.2.12 Diagram of (a) Silica tube
(b) Quartz spoon connected with the digital 
voltmeter via Chromel-Alumel 
thermocouple
2 . 2 . 5 . 1  A nnealing  P rocedure
A p e r io d  o f  n o t  l e s s  th a n  10 m inu tes  was taken  to  a t t a i n  a 
te m p e ra tu re  o f  200°C and a f u r t h e r  20 m in u te s  was ta k e n  to  a t t a i n  
a  te m p e ra tu re  o f  600°C. Thus th e  fu rn a c e  was a llow ed to  r i s e  to  
th e  r e q u i r e d  te m p e ra tu re .  To avoid  t h i s  s t a r t i n g  up p ro c e d u re ,  th e  
h e a t  i n  th e  fu rn a c e  must be m a in ta in ed  when i t  i s  n o t  i n  u se  by 
k eep in g  th e  fu rn a c e  a t t a i n i n g  a te m p e ra tu re  o f  around 400°C.
The te m p e ra tu re  s e t t i n g  on th e  f r o n t  p a n e l  o f  th e  Euro therm  
C o n t r o l l e r  was a t  a  te m p e ra tu re  10°C below th e  d e s i r e d  a n n e a l  
te m p e ra tu re  a c c o rd in g  to  th e  c a l i b r a t i o n  a g a i n s t  th e  a c t u a l  te m p e ra tu re  
d e te rm in ed  from th e  te m p e ra tu re  p r o f i l e .  A f te r  s t a b i l i z i n g  th e  con­
t r o l l e r  a t  t h i s  te m p e ra tu re ,  Argon o f  99.99% p u r i t y  was a l low ed  to  
f low  th rough  th e  s i l i c a  tube  i n s id e  th e  fu rn a c e  to  p r e v e n t  o x id a t io n  
d u r in g  a n n e a l in g  under c o n t ro l  r a t e  2 f t ^ / h . s . t . p .
The Q uartz  Spoon in  F ig .  2.12b was s l ip p e d  i n t o  th e  s i l i c a  tu b e  
to  a d i s t a n c e  and a d ju s te d  u n t i l  th e  te m p e ra tu re  was as  c l o s e  to  th e  
d e s i r e d  an n ea l  te m p e ra tu re  as  observed  on th e  d i g i t a l  v o l tm e te r  
r e a d in g ;  th e  tim e r e q u i r e d  was abou t 5 mi.ns, o r  u n t i l  t h e  d i g i t a l  v o l t ­
m e te r ,  c a p a b le  o f  r e a d in g  to  0 .01  mv, was s t a b i l i z e d .  The d i s t a n c e  
between th e  end of th e  spoon and th e  s i l i c a  tu b e  was m easu red .  The 
spoon was p u l l e d  o u t  to  coo l a t  room te m p e ra tu re .  A bed p l a t e  o f  th e  
same m a t e r i a l  o f  th e  specimen was th e n  used  and s e t  on th e  to p  o f  th e  
h o le  i n  th e  spoon to  p re v e n t  th e  changes o f  r e s i s t i v i t y  o f  th e  
specim en d u r in g  th e  a n n e a l in g ,  whereas th e  p o s i t i o n  o f  th e  the rm o co u p le  
j u n c t i o n  was im m edia te ly  b en ea th  th e  h o le  f o r  a c c u r a te  m easurem ent.  I n
o rd e r  to  avo id  c o n tam in a t io n  a mask o f  s i l i c o n  m a t e r i a l  covered  th e  to p
o f  th e  spoon. '
The Q uartz  Spoon c o n ta in in g  a bed p l a t e ,  a specim en and a
mask was s l ip p e d  i n t o  th e  s i l i c a ; tube  o f  th e  fu rn a c e  to  a  s h o r t
d i s t a n c e ,  f o r  a w h i le ,  u n t i l  th e  d i g i t a l  v o l tm e te r  had a r e a d in g
h ig h e r  th a n  t h a t  a t  room te m p e ra tu re .  Then th e  spoon was moved
f u r t h e r  f o r  a measured d i s t a n c e  to  a h o t  p o s i t i o n .  The. t e m p e ra tu re
was in c r e m e n ta l ly  r a i s e d  to  th e  d e s i r e d  an n ea l  te m p e ra tu re  where
a
th e  d i g i t a l  v o l tm e te r  was s t a b l i z e d  w i th  to l e r a n c e  abou t ± !>%♦
D uring th e  a n n e a l in g  th e  r a t e  o f  a rgon  f low  was k e p t  s te a d y  by th e  
c o n t r o l l e r  a t  2 f t ^ / h . s . t . p .  The spoon was l e f t  a t  th e  d e s i r e d  
te m p e ra tu re  f o r  th e  r e q u i r e d  an n ea l  tim e which v a r i e d  be tw een  30 
m in u te s  to  120 m in u te s .
A f te r  th e  an n ea l  t im e ,  th e  spoon was p u l l e d  o u t  to  a s h o r t  
d i s t a n c e  n e a r  th e  end o f  th e  s i l i c a  tube  to  avo id  sudden o x id a t io n  
o f  th e  specim en, th e n  l e f t  f o r  c o o l in g  to  abou t 200°C. F i n a l l y  
th e  spoon was p la c e d  on a copper d i s c  a t  room te m p e ra tu r e ,  th e  mask 
removed and th e  specimen mounted on a le a d  r i n g  re a d y  f o r  X -ray  
to p o g rap h y . The te m p e ra tu re  was r e s e t  on th e  f r o n t  p a n e l  o f  th e  
E urotherm  C o n t r o l l e r  a t  400°C r e a d in g .  For f u r t h e r  a n n e a l in g  th e  
same p ro c e d u re  was fo l lo w e d .
2 .2 .6  Mounting up th e  C r y s ta l
As th e  te c h n iq u e  o f  X -ray topography  i s  s e n s i t i v e  to  s t r a i n  
o f  th e  c r y s t a l ,  i t  r e q u i r e s  s p e c i a l  c a re  i n  specim en m oun ting . 
A ccord ing  to  Tanner (1976) i t  has  been  found t h a t  i n  b r i t t l e  m a t e r i a l s  
a r a d i u s  o f  c u rv a tu re  as  g r e a t  as  2 mm w i l l  p r e v e n t  Bragg r e f l e c t i o n
from o c c u r r in g  s im u l ta n e o u s ly  a c ro s s  a 1 cm wide sam ple . When 
d e a l in g  w i th  a s in g l e  c r y s t a l  as  s i l ic o n _  (111) s u r f a c e ;  a c r y s t a l ,  
o f  10 mm x 8 mm i n  d im ension  and about 200 ym i n  t h i c k n e s s ,  i t  
was mounted in  a  r e c t a n g u l a r  window o f  a le a d  r i n g ,  which had 12 
h o le s  d r i l l e d  i n  i t ;  f o r  f i x i n g  th e  mount r i n g  to  th e  g o n io m e te r ,  
th e  sm a l l  s p ig o t  was used  as shown i n  F ig .  2 .1 3 .  The tw elve  h o le s  
were made a t  360° i n  s t e p s  o f  30° on th e  c i rc u m fe re n c e  o f  th e  le a d  
r i n g .  T h is  e n a b le s  a l a r g e  number o f  r e f l e c t i o n s  t o  be ta k e n  s im ply  
by r o t a t i n g  th e  mount r i n g  w i th o u t  i n t e r f e r i n g  with, th e  c r y s t a l .
A d e n t a l  wax was found to  be a s u i t a b l e  m ounting m a t e r i a l  
p ro v id e d  t h a t  o n ly  th e  minimum n e c e s s a ry  to  ho ld  th e  c r y s t a l  was 
u sed .  I t  was m e lted  by g e n t ly  h e a t in g  w i th  a sm all  s o ld e r i n g  i r o n .  
F ix in g  th e  c r y s t a l  a t  one p o in t  on ly  was p r e f e r r e d  a s  two b lo b s  o f  
wax would s t r a i n  th e  c r y s t a l .  Care must be ta k e n  in  o rd e r  t h a t  th e  
c r y s t a l  m igh t n o t  o v e rh e a t .  The mounted c r y s t a l  i n  a  le a d  r i n g  
was l e f t  f o r  d ry in g  i n  a tm o sp h er ic  a i r ;  and th e  mount r i n g  was 
f ix e d  by th e  sm all  s p ig o t  to  th e  s ta n d a rd  gon iom eter  f o r  a d e s i r e d  
r e f l e c t i o n .
2 .2 .7  R ecord ing  Em ulsions
In  o rd e r  to  r e c o rd  maximum r e s o l u t i o n ,  s p e c i a l  X -ray  p l a t e s  
must be used  and must be p la c e d  normal to  th e  d i f f r a c t e d  beam.
ILFORD n u c le a r  em u ls ion  p l a t e s  L4 was r e p o r te d  by M eieran and B lech  
(1967); B ad rick  (1969) to  be i d e a l  f o r  t h i s  p u rp o s e .  N u c lea r  e m u ls io n  
p l a t e s  L4 a re  com m ercia lly  a v a i l a b l e  i n  a v a r i e t y  o f  s i z e s  and e m u ls io n  
th i c k n e s s  from ILFORD i n  E ngland . The s i z e  o f  th e  p l a t e s  used  i s
Rectangular window 
Holes in step of 30°
Crystal 
Lead ring
Spigot
Fig .2.13 C ry stal mounting technique
(1 nx l 5fl) o f  50 ym and 100 ym em uls ion  th ic k n e s s  and sm all  g r a i n  s i z e  
o f  0 .1 4  ym which i s  s u i t a b l e  f o r  th e  h a rd e r  r a d i a t i o n  from Mo.
Lang (1966) has  r e p o r te d  t h a t  th e  l i m i t  o f  r e s o l u t i o n  i s  2 y 
w i th  u s e f u l  m a g n i f i c a t io n  up to  300 t im es  f o r  MoKa  ^ r a d i a t i o n .  More 
d e t a i l s  o f  em u ls ion  c h a r a c t e r i s t i c s  a long  with, th e  f a c t o r s  a f f e c t i n g  
th e  image r e s o l u t i o n  a re  g iv e n  in  H ar t* s  t h e s i s  (1963).
A l l  unexposed p l a t e s  should  be s to r e d  i n  a r e f r i g e r a t o r ,  and 
be warmed to  a room te m p e ra tu re  j u s t  p r i o r  t o  u se .
These p l a t e s  must be c a r e f u l l y  p ro c e s se d  to  o b ta in  maximum con­
t r a s t  and h ig h  r e s o l u t i o n .
2 . 2 .8  A lignm ent P rocedu re  o f  Lang Camera f o r  O b ta in in g  ^ P r o j e c t i o n  
Topograph11
The X -ray  so u rce  used was a H i lg e r  and W atts m ic ro fo c u s  tu b e  
and th e  X -ray  Lang camera was a J a r r e l -A s h .  m odel. The ru n n in g  v o l t a g e  
and tu b e  c u r r e n t  v a lu e s  f o r  X -ray  g e n e r a to r  were 47 KV and 2 .5  mA 
r e s p e c t iv e ly . .  High v o l ta g e - lo w  c u r r e n t  c o n d i t io n s  gave a good 
c h a r a c t e r i s t i c  l i n e  i n t e n s i t y  when u s in g  a Mo t a r g e t  f o r  h a rd  r a d i a ­
t i o n  (see .  F ig .  2 .1 4 ) .
The r e s o l u t i o n  a t t a i n a b l e  with, th e  camera was d ependen t upon 
th e  p r o j e c t e d  s i z e  o f  th e  focus  as  viewed th rough  th e  150 ym wide 
s l i t s .  A f l u o r e s c e n t  s c re e n  w ith  long  h an d le  was. u sed  beh in d  th e  
s l i t s  so t h a t  th e  s l i t  image could  be seen  on the  s c re e n  i n  a darkened  
room. Some c o n s id e r a b le  tim e was sp e n t  i n  s u c c e s s iv e ly  r e p o s i t i o n i n g  
th e  s l i t s  and g e t t i n g  th e  image. A s c i n t i l l a t i o n  c o u n te r  was f ix e d
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a t  a r e a s o n a b le  d i s t a n c e  from th e  m ounting c r y s t a l  f o r  d e t e c t i n g  
th e  X -ray  d i f f r a c t i o n .  I t  was s e t  on th e  t u r n  t a b l e  a t  tw ic e  th e  
Bragg an g le  o f  th e  d e s i r e d  r e f l e c t i o n .  A mounted c r y s t a l  i n  th e  
le a d  r i n g  w i th  w orking s u r f a c e  e x i t  to  th e  X -ray  beam was s e t  
v e r t i c a l l y  on a tw o - c i r c l e  s ta n d a rd  goniom eter  by a sm all  s p i g o t .
I t  was scanned i n t o  th e  beam and c e n te re d  o ver  th e  camera a x i s  
so t h a t  th e  d e s i r e d  s e t  o f  d i f f r a c t i n g  p la n e s  could  b e , o r i e n t e d  
v e r t i c a l l y  and i n  a p o s i t i o n  p a r a l l e l  to  th e  s l i t s .  The c r y s t a l  
was o r i e n t e d  under Mo r a d i a t i o n  by u s in g  a gon iom eter  key  w ith , long  
han d le  w i th o u t  ex p o s in g  th e  f i n g e r s  to  th e  X -ra y s .  The mount r i n g  
was t i l t e d  u n t i l  th e  Bragg r e f l e c t i o n  was p ic k ed  u p .  Once th e  peak 
was found , th e  t u r n  t a b l e  was locked  and th e  f i n e  a d ju s tm e n t  was 
used to  l o c a t e  th e  Ka^ p eak .  The f i n e  a d ju s tm e n t  c o n t r o l l e d  by a 
v e r n i e r  drum could  be r o t a t e d  in  one second o f  a r c  in c re m e n t .  Two 
peaks were o b se rv ed ,  th e  Ko^ peak o f  double  th e  i n t e n s i t y  o f  th e  Ka^
peak .  The Kc^ l i n e  must be used f o r  maximum i n t e n s i t y  so t h a t  a
sh a rp  peak could  be o b ta in e d .  I f  th e  r a t i o  K a^K c^ was n o t  2 :1 ,  th e  
d i f f r a c t e d  p la n e s  would n o t  be o r i e n t e d .  Thus i t  was n e c e s s a r y  to  
u se  th e  f i n e  a d ju s tm e n t  o r  a l i g n in g  th e  c r y s t a l  by a g o n iom eter  k ey .
The ta n ta lu m  s l i t s  w i th  sharp  and s t r a i g h t  edges were used  as  th e  
beam -stop  s l i t s  which would s to p  th e  d i r e c t  beam and a l lo w  th e  e n t i r e  
d i f f r a c t e d  beam to  p a s s .  The s l i t s  were p o s i t i o n e d  and narrow ed as  
much as  p o s s i b l e  to  l i m i t  th e  s c a t t e r i n g  r a d i a t i o n .  They were i n s e r t e d  
beh ind  and as c l o s e  as  p o s s i b l e  to  th e  c r y s t a l ,  norm al to  th e  d i f f r a c t e d
beam. The Ka^ peak  has been  chosen and checked a g a in .
F o llow ing  t h i s  a l ig n m en t p ro c e d u re ,  th e  c r y s t a l  was scanned 
th ro u g h  th e  X -ray beam on the  f a s t e s t  o f  th e  two speeds  o f  th e  c o n t r o l
t r a v e r s i n g  mechanism u n i t .  O b se rv a t io n  o f  th e  d i f f r a c t e d  i n t e n s i t y  
v a lu e  o f  th e  Ka^ was made w i th  PANAX r a t e m e t e r .  The r a p id  change 
i n  th e  i n t e n s i t y  o f  t r a v e r s i n g  which was observed  d u r in g  th e  scan n in g  
i s  due to  m isa l ig n m en t  o r  bend ing  o f  th e  c r y s t a l .  Thus i t  was 
n e c e s s a r y  to  check a g a in  f o r  th e  a l ig n m en t p rocedu re  and th e  c r y s t a l  
m ounting t e c h n iq u e .
The Ka^ peak  was u n ifo rm  a lo n g  th e  c r y s t a l  wide e x c e p t  f o r  th e  
r e g io n  o f  s c r a t c h i n g .  The re a d in g s  o f  a scanned r e g io n  were f ix e d  
and th e  l e n g th  o f  th e  scanned c r y s t a l  was measured f o r  e s t i m a t i o n  
o f  th e  exposu re  t im e .  I n  th e  c a se s  where th e  d i f f r a c t e d  i n t e n s i t y  
v a lu e  was g r e a t e r  th a n  th e  range  o f  th e  s c a l e  of th e  PANAX r a t e m e t e r ,
aluminium f o i l  s t r i p s  were i n s e r t e d  beh ind  t h e  s l i t s  which, w ere
p o s i t i o n e d  i n  f r o n t  o f  th e  s c i n t i l l a t i o n  c o u n te r ,  to  re d u c e  th e
i n t e n s i t y  v a lu e  w i th in  th e  range  o f  th e  s c a l e .
A c a s s e t t e  c o n ta in in g  a n u c l e a r  em uls ion  p l a t e  'CLnx l | n i n  
d im en s io n ,  50 ym th i c k  em ulsion) w ith, em uls ion  f a c in g  to  th e  c r y s t a l ,  
was p o s i t i o n e d  beh ind  th e  s t a t i o n a r y  ta n ta lu m  s l i t s ,  a s  c l o s e  a s  
p o s s i b l e ,  norm al t o  th e  d i f f r a c t e d  beam. Care was ta k e n  n o t  t o  a l lo w  
th e  beam to  f a l l  on th e  p l a t e ,  o th e rw ise  o v er-exposed  v e r t i c a l  l i n e  
on th e  topog raph  would be reco rd ed  and mask th e  d e t a i l s  o f  th e  to p o ­
g rap h .
The c r y s t a l  and th e  c a s s e t t e  were scanned syn ch ro n o u s ly  backward 
and fo rw ard  w h ile  th e  beam -stop  s l i t s  were s t a t i o n a r y .  The g e a r in g  
o f  th e  t r a v e r s e  c o n t r o l  u n i t  was changed to  a slow speed f o r  e x p o s u re .  
The a u to m a t ic  t im e r  used f o r  exposure  was c o n t r o l l e d  a t  a s e l e c t e d  
t im e .  The exposure  tim e i s  dependen t upon th e  c r y s t a l  wide and i t s
t h i c k n e s s .  For exam ple, a c r y s t a l  o f  1 cm wide and 200 ym t h i c k ,  
th e  e x p o su re  t im e  ta k e n  was 5 h o u r s ,  i e .  2mm/hour. However, t h i s  
p ro c e s s  depends on o n e f s p r a c t i c a l  e x p e r i e n c e .  The slow  t r a v e r s e  
speed was used to  avo id  d i s t u r b i n g  th e  c r y s t a l  and th e  c a s s e t t e  by 
v i o l e n t  r e v e r s a l s  o f  th e  t r a v e r s e  d i r e c t i o n ,  to  av e ra g e  o u t  i n t e n s i t y  
f l u c t u a t i o n s .  D uring  th e  long  exposu re  when u s in g  h ard  r a d i a t i o n ,  
i t  was im p o r ta n t  to  check th e  s e t t i n g  system  a t  l e a s t  tw ic e .  Small 
d r i f t s  cou ld  occu r  which m ight n o t  s e r i o u s l y  a f f e c t  th e  to p o g ra p h ic  
r e s o l u t i o n  b u t  would lead  to  under e x p o su re .  These d r i f t s  co u ld  be 
com pensated f o r  by m o n i to r in g  th e  beam w ith  th e  f i n e  a d ju s tm e n t  to  
few seconds o f  a r c .
A f te r  p ro c e s s in g  th e  p l a t e  as  d i s c u s s e d  in  Sec. 2 . 2 . 9 ,  a . tw o  
d im e n s io n a l  image was o b ta in e d  on th e  em u ls ion  p l a t e .  T h is  image 
was the  p r o j e c t i o n  o f  th e  c r y s t a l  and i t s  im p e r f e c t io n  c o n te n t  w h ich  
i s  known as  a " p r o j e c t i o n  topograph" as  in t ro d u c e d  by Lang (1959b) .
I t  h a s  no m a g n i f i c a t io n  and was s u b se q u e n t ly  e n la rg e d  o p t i c a l l y  as  
d e s c r ib e d  i n  Sec. 2 .2 .1 0 .
2 .2 .9  P ro c e s s in g  o f  ILFORD L4 50ym N u c lea r  Em ulsion P l a t e s
The fo l lo w in g  p ro c e s s in g  p ro c e d u re  h a s  been  found to  g iv e  
e x c e l l e n t  r e s u l t s  f o r  ILFORD n u c le a r  p l a t e s  (B a d r ic k ,  19691, The 
c o ld e r  s o lu t i o n s  and th e  lo n g e r  d e v e lo p in g  t im es  were used  b e c a u se  
th e  low er te m p e ra tu re  te n d s  to  reduce  th e  s u r f a c e  fo g g in g .  The s t e p s  
o u t l i n e d  below ap p ly  on ly  to  50 ym t h i c k  o f  em uls ion  p l a t e s ,  b u t  100 
ym em uls ion  t h i c k n e s s  r e q u i r e s  double  th e  t im e .
P ro c e d u re :
1. P re - s o a k  th e  exposed p l a t e  i n  d i s t i l l e d  w a te r  a t  0°C f o r  10 
m in u te s .
2. Develop in  a s o l u t i o n  com p ris in g  volume 10 cc o f  Kodak LX24 
and 40 cc d i s t i l l e d  w a te r  a t  0°C f o r  30-60 m in u te s .  T h is  
s o l u t i o n  shou ld  be f r e s h l y  p re p a re d  each  day.
3 . Stop i n  1% g l a c i a l  a c e t i c  a c id  a t  0°C and l i g h t l y  ab rad e  th e  
p l a t e  w i th  th e  le n s  t i s s u e  to  remove a l l  s c o re s  f o r  5 m in u te s .
4 .  F ix  i n  a s o l u t i o n  a t  0°C com pris ing  eq u a l  volumes o f  s o l u t i o n
o f  sodium h y p o su lp h a te  c o n s i s t i n g  o f  500 g m s / l i t r e  and 30
g m s / l i t r e  o f  sodium b i s u l p h i t e  f o r  1-2 h ou rs  o r  u n t i l  th e  p l a t  
i s  c l e a r .  F re sh  s o l u t i o n  shou ld  be used  each  day .
5 .  F lu s h  th e  p l a t e  i n  ta p  w a te r  f o r  2 h o u r s .
6 . F lu s h  th e  p l a t e  w i th  d i s t i l l e d  w a te r .
7. Dry th e  p l a t e  i n  a tm o sp h e r ic  a i r  (o f  th e  o rd e r  3 -4  hours).
2 .2 .1 0  E nlargem ent o f  Topographs
The to p o g rap h s  were re c o rd e d  a t  a m a g n i f i c a t io n  o f  u n i t y ;  on 
th e  ILFORD L4 N u c lea r  Em ulsion p l a t e s  (o f  g r a in  s i z e  0 ,1 4  ym), 
Topographs were g e n e r a l ly  viewed under  t r a n s m i t t e d  l i g h t ,  b u t  when 
p l a t e s  were o ver-exposed  o r  o v e r -d ev e lo p ed  th e  in fo rm a t io n  was l o s t  
Mardix (.1973) has  r e p o r te d  t h a t  th e  r e f l e c t e d  l i g h t  te c h n iq u e s  can 
be used to  r e v e a l  d e t a i l s  i n  h ig h ly  exposed to p o g rap h s .
The R e ic h e r t  m e t a l l u r g i c a l  m icroscope  in  t r a n s m is s io n  has  
been  used  f o r  e n l a r g in g  th e  topog raphs  o p t i c a l l y ;  which, gave  
e x c e l l e n t  r e s u l t s  w ith  good c o n t r a s t  and high, r e s o l u t i o n ,  ILFORD 
p l a t e s  o f  t h i n  em u ls io n ,  G30 ch ro m a tic  o f  4" x 5U in  d im ension  
were used  f o r  t h i s  p u rp o s e .  I t  was found t h a t  a r e a s o n a b le  m agni­
f i c a t i o n  f o r  e n l a r g in g  th e  to p og raphs  was x48; a l s o  i t  was e a s y  to  
produce d i r e c t  p r i n t s  i n  the  r a t i o  1 :1 ,  .
A Z e is s  " u l t r a p h o t "  m icroscope  was used  f o r  e n l a r g in g  th e  
to p o g rap h s ;  and 35 mm ILFORD pan f i l m  f o r  r e c o rd in g  th e  e n la rg e d  
to p o g ra p h s .  The m icroscope  has  f a c i l i t i e s  f o r  c o n t r o l l i n g  t h e  
i n t e n s i t y  o f  t r a n s m i t t e d  l i g h t  and exposure  t im e .  A g r a t i c u l e  o f  
2 mm s c a l e  was used  f o r  c a l c u l a t i n g  th e  m a g n i f i c a t io n  of  to p o g ra p h s ,
I t  was e n la rg e d  by th e  same o b je c t iv e  w hich  has  been  used  f o r  th e  
re c o rd e d  to p o g rap h s  i n  th e  f i lm .
The ad v an tag es  o f  t h i s  m ic roscope  a r e ,  t h a t  i t  i s  q u ic k ,
a u to m a tic  and r e l i a b l e .  High r e s o l u t i o n  and good c o n t r a s t  were 
o b ta in e d  and 36 fram es o f  th e  f i lm  w ere re c o rd e d  in  a  s h o r t  t im e ,
I t  was a l s o  e a sy  to  p roduce  p r i n t s  in  re a s o n a b le  ran g e  o f  m a g n i f i c a t i o n ,
The p r i n t s  were e n la rg e d  by m a g n i f i c a t io n  x48, to  avo id  t h e  
m iss in g  d e t a i l s  o f  th e  to p o g rap h .
CHAPTER 3
SCRATCHES IN SILICON SINGLE CRYSTALS BEFORE ANNEALING
3 .1  I n t r o d u c t i o n  •
S i l i c o n  s l i c e s  used f o r  d ev ice  f a b r i c a t i o n  a r e  o r i e n t e d  n e a r l y  
p a r a l l e l  to  (111) . An im p o r ta n t  f e a t u r e  common to  them a l l  was th e  
m i s o r i e n t a t i o n  o f  t h e i r  p h y s ic a l  s u r f a c e s  from th e  C lU )  s u r f a c e ,  
f o r  r e a s o n s  which have been  d is c u s s e d  i n  C hap ter  2 . The s u r f a c e  
m i s o r i e n t a t i o n  was c o n s id e re d  to  p la y  an im p o r ta n t  r o l e  i n  th e  
r e s u l t s  o b ta in e d  i n  t h i s  t h e s i s .
I n  th e  f i e l d  o f  sem ico n d u c to r-d ev ice  te c h n o lo g y ,  s i l i c o n  s i n g l e  
c r y s t a l s  a r e  f r e q u e n t ly  used  as  th e  s t a r t i n g  m a t e r i a l .  I n  p a r t i c u l a r  
th e  t e c h n iq u e s  now a v a i l a b l e  f o r  making p la n a r  d e v ic e s  and i n t e g r a t e d  
c i r c u i t s  a r e  a lm o s t  e x c l u s i v e ly  based  on s i l i c o n  sem iconduc to r  c r y s t a l s .
The im portance  o f  th e  s tu d y  of  t h e  p ro c e s s  o f  c u t t i n g ,  a b r a d in g ,  
g r in d in g  and s c r a t c h in g  o f  diamond c r y s t a l s  has  long  been  r e c o g n i s e d .  
S im i la r  p ro c e s s e s  i n  o th e r  c r y s t a l s  o f  diamond cu b ic  s t r u c t u r e  have 
n o t  r e c e iv e d  th e  same a t t e n t i o n ,  d e s p i t e  t h e i r  r o l e  i n  t h e  f a b r i c a t i o n  
o f  sem iconduc to r  d e v ic e s  which would a lo n e  j u s t i f y  more s y s t e m a t ic  
r e s e a r c h .
A s tu d y  of  s c r a tc h in g  damage, i n  s i n g l e  c r y s t a l  s i l i c o n  s l i c e s ,  
ha s  been  made by o p t i c a l  m isc roscopy  u s in g  normal i n c i d e n t  i l l u m i n a t i o n  
( b r i g h t  and d a rk  f i e l d ) ,  i n t e r f e r e n c e  c o n t r a s t ,  and two beam i n t e r f e r o -  
m etry  and t r a n s m is s io n  X -ray topography  in  MoKa^ r a d i a t i o n ,  w i th  a 
J a r r e l l - A s h  Lang Camera.
T h is  s tu d y  was u n d e r ta k en  w ith  th e  v a lu a b le  gu idance  and s u p e r v i s io n  
o f  P r o f .  K.E. P u t t i c k ,  a l s o  w i th  th e  ad v ic e  o f  Dr. A .S .T ,  B 'adrick 
i n  th e  P h y s ic s  D epartm ent of th e  U n iv e r s i t y  o f  S u r re y .  Scanning 
e l e c t r o n  m ic rog raphs  have been o b ta in e d ,  on th e  s t e r e o  scan  n j ic ro -  
sco p e ,  i n  th e  S t r u c t u r a l  S tu d ie s  U n i t ,  i n  th e  M e ta l lu rg y  and M a te r i a l s  
Technology D epartm ent o f  th e  U n iv e r s i t y  o f  S u rre y ,  by k in d  p e rm is s io n  
o f  Dr. P . Goodhew, th e  le a d e r  o f  th e  S t r u c t u r a l  S tu d ie s  U n i t .
B e fo re  t e s t i n g ,  th e  s l i c e s  were r e o r i e n t a t e d  a g a in .  They have  
a r e f e r e n c e  f l a t  ground p a r a l l e l  to  (110) to  f a c i l i t a t e  th e  c r y s t a l  
s e t t i n g ;  u s in g  t h i s  as  a gu ide  th e  m i s o r i e n t a t i o n  was checked by an 
o p t i c a l - X - r a y  te c h n iq u e  cap a b le  o f  d e te rm in in g  s u r f a c e  o r i e n t a t i o n  to  
b e t t e r  th a n  5 m in u te s .  The m i s o r i e n t a t i o n  an g le  was a p p ro x im a te ly  
3° from (111) tow ards (.110).
One s e r i e s  o f  specimens were m a in ly  s ta n d a rd  s u b s t r a t e s  used  
i n  d e v ic e  m a n u fa c tu re ,  s l i c e d  from d i s l o c a t i o n - f r e e  c r y s t a l s  grown 
by th e  F lo a t in g -z o n e  method, s u p p l ie d  by Texas I n s t r u m e n t s ,  B ed fo rd .
No s u r f a c e  t r e a tm e n t  was g iven  to  th e  s l i c e s  p r i o r  to  u s e .
A nother s e r i e s  o f  specimens were c o n s i s t e d  o f  i n t r i n s i c  m a t e r i a l  
and n - ty p e  o f  th e  same o r i e n t a t i o n  from c r y s t a l s  grown by th e  C z o c h ra ls k i  
m ethod, s u p p l ie d  by M ullard  L im ited ,  Southampton, The s u r f a c e s  w ere 
e tc h e d ;  a l l  saw damage has  been  removed as  d e s c r ib e d  i n  C h ap te r  2.
The s c r a t c h e s  were made in  <110> and <112> d i r e c t i o n s ,  on n e a r
(111) s l i c e s ,  u s in g  a diamond m ic ro h a rd n ess  i n d e n t e r ,  mounted on a 
gramophone arm, t r a n s v e r s e  m otion  b e in g  p ro v id ed  by a m ic ro m ete r  d r i v e .
One o f  th e  in d e n te rsw a s  in  th e  form o f a diamond cone s t y l u s  
o f  60° a n g le  and th e  second in  th e  form o f  a V ickers  diamond pyramid 
o f  136° a n g le .  Loads ranged  from 10-50 gm. '
A phenomenon which was observed  f o r  lo a d s  g r e a t e r  th a n  30 gm 
i s  d e s c r ib e d  in  t h i s  C hap te r .  E xcep t where o th e rw is e  m en tioned ,  
a l l  th e  r e s u l t s  r e p o r t e d  in  t h i s  t h e s i s  a r e  50 gm lo a d s .  Some of 
th e  r e s u l t s  dem o n stra ted  in  t h i s  C hap ter  have been  p u b l i s h e d  by 
B a d r ic k ,  E ld e g h a id y ,  P u t t i c k  and Shahid (1977) .
The s c r a t c h e s  were made a t  room te m p e ra tu r e ,  on n e a r  Q l l )  
s u r f a c e s  o f  b o th  i n t r i n s i c  and n - ty p e  s i l i c o n  s i n g l e  c r y s t a l  s l i c e s ;  
th e  r e s u l t s  f o r  b o th  were i d e n t i c a l .
3 .2  The P ro c e ss  o f  Wear
Some o b s e r v a t io n s  on s c r a tc h e s  made by o p t i c a l  and scan n in g  
e l e c t r o n  m icroscopy  su g g es t  t h a t  th e  p ro c e s s  i s  somewhat s i m i l a r  
to  th o s e  p o s t u l a t e d  f o r  o th e r  b r i t t l e  m a t e r i a l s ,  Some a t t e n t i o n  was 
th e r e f o r e  devo ted  to  th e  problem  o f  th e  mechanism o f  d is p la c e m e n t  
o f  m e t e r i a l  around th e  s c r a t c h in g  t o o l .
E xam ination  o f  a s c ra tc h e d  s u r f a c e  under  low power o p t i c a l  
m icroscopy  r e v e a l s  a l a rg e  amount o f  d e b r i s  d i s t r i b u t e d  around th e  
s c r a t c h .  The d e b r i s  i s  i n  th e  form of a f i n e  powder w i th  a  s i z e  
d i s t r i b u t i o n  down to  o r  p o s s i b ly  below th e  l i m i t  o f  o p t i c a l  
r e s o l u t i o n ,  and some of th e  p a r t i c l e s  a r e  thrown a d i s t a n c e  o f  
th e  o rd e r  o f  one cm from th e  s c r a t c h  i t s e l f .  I t  i s  a l s o  n o te w o r th y  
t h a t  when th e  s l i d e r  i s  t r a v e r s e d  a t  a s te a d y  r a t e ,  th e  s c r a t c h i n g  
p ro c e s s  i t s e l f  p ro cee d s  i r r e g u l a r l y ,  as  ev id en ced  by a s e r i e s  o f
c l i c k s  p ro b a b ly  c o r re sp o n d in g  to  th e  r e l e a s e  o f  s t r a i n  ene rgy  by 
e j e c t i o n  o f  m a t e r i a l .
3 .3  E x p e r im en ta l  R e s u l t s
3 .3 .1  O p t i c a l  M icroscopy
F ig .  3 .1  shows b r i g h t  f i e l d  o p t i c a l  m ic ro g rap h s  o f  th e  
s c r a t c h e s  p a r a l l e l  t o  <110> d i r e c t i o n  made on n e a r  (111) s i l i c o n  
s u r f a c e  im m ed ia te ly  a f t e r  g r e a t  c a re  o f  o r i e n t a t i o n  u s in g  a V ic k e rs  
diamond i n  th e  form o f  a pyramid loaded  to  50 gm; th e  c r y s t a l  s u r f a c e  
i s  s l i g h t l y  covered  by a l i g h t  l a y e r  o f  d e b r i s ,  p a r t i c u l a r l y  around 
th e  s c r a t c h e s .  The p h y s ic a l  w id th  o f  th e  s c r a t c h e s  i s  a p p ro x im a te ly  
t h e  same, b u t  i n  F ig .  3 .2  shows th e  sense  e f f e c t  im m ed ia te ly  a f t e r  
s c r a t c h i n g  in  <112> d i r e c t i o n .
A heavy l a y e r  o f  d e b r i s  i s  seen round a s c r a t c h  p a r a l l e l  ‘to  th e  [112 ]  
d i r e c t i o n ,  and a s e r i e s  o f  c l i c k s  d u r in g  s c r a t c h in g  i n  t h i s  d i r e c t i o n  
was h e a rd  p ro b a b ly  co r re sp o n d in g  to  th e  r e l e a s e  o f  s t r a i n  e n e rg y .
Chipping has  o c c u r re d  m a in ly  by n o n - c r y s t a l l o g r a p h i c  f r a c t u r e .  I t  
was assumed t h a t  th e  [112] d i r e c t i o n  i s  a s o f t  d i r e c t i o n ,  b u t  in  
th e  o p p o s i te  [112]  d i r e c t i o n  i s  a h a rd  d i r e c t i o n .
A sen se  e f f e c t  i n  th e  appearance  o f  th e  s c r a t c h e s  p a r a l l e l  to  
th e  <112> d i r e c t i o n  i s  i n t e r e s t i n g  and th e  m ost s t r i k i n g  f e a t u r e  
o f  F ig .  3 .3 ,  w hich shows d a rk  f i e l d  o p t i c a l  m ic ro g rap h s  o f  
th e  same type  o f  th e  [112] and [112] s c r a t c h e s  im m ed ia te ly  a f t e r  
s c r a t c h i n g .  The c r y s t a l  s u r f a c e  i s  covered  by a rem ark ab le  heavy 
l a y e r  o f  d e b r i s  i n  the  r e g io n  round a s c r a t c h  p a r a l l e l  to  th e
[112]  d i r e c t i o n ;  th e  s i z e  o f  d e b r i s  v a r i e s  between 10 to  1 ym.
When th e  d e b r i s  i s  removed, i t  i s  found t h a t  th e  s c r a t c h e s  have w e l l
d e f in e d  b o u n d a r ie s  and more ch ip p in g  i s  observed  i n  a  s c r a t c h
p a r a l l e l  to  th e  [1123 d i r e c t i o n  (se e  F ig .  3 . 4 ) .  The p h y s i c a l  
w id th  o f  a s c r a t c h  i n  th e  [1123 d i r e c t i o n  i s  w ider th a n  th e  p h y s i c a l
w id th  o f  a s c r a t c h  in  th e  [1123 d i r e c t i o n .
However, th e  e f f e c t  i s  such t h a t  th e  w id e s t  and m ost h e a v i l y  
ch ipped  s c r a t c h  i s  found i n  th e  r e g io n s  o f  [1 1 2 ] ,  [211] and [1 2 1 ] ,  
w h ile  n e a r  [1 1 2 ] ,  [211] and [121] a re  the  d i r e c t i o n s  o f  s c r a t c h i n g  
r e s p o n s i b l e  f o r  th e  w id e s t  f i e l d  o f  to p o g ra p h ic  c o n t r a s t  ( s e e  below) 
a b o u t  40 t im es  th e  p h y s ic a l  w id th ;  th e  s c r a t c h  fu rrow  i s  n a rro w , 
w i th  few c h ip s  b u t  many c r a c k s .  I t  I s  th u s  s i m i l a r  to  th e  e f f e c t  
o b se rved  by W ilks and Wilks (1972) f o r  th e  a b ra s io n  o f  diamond 
s u r f a c e s  f o r  f a c e t s  t i l t e d  by more th a n  1° from (111) tow ards  (1 1 0 ) ;  
th e y  observed  t h a t  th e  r a t e  o f  rem oval o f  m a t e r i a l  (a s  m easured  by 
th e  d e p th  o f  c u t )  was g r e a t e r  f o r  a b r a s io n s  made in  [1 1 2 ] ,  [211 ]  
and [121] r a t h e r  th a n  in  th e  o p p o s i te  d i r e c t i o n s .  I t  m u s t ,  how ever, 
be n o ted  t h a t  p a r t i c u l a r  c a r e  i s  n e c e s s a ry  i n  o r i e n t i n g  c r y s t a l s ,  
s in c e  W ilks  and W ilks a l s o  found t h a t  th e  r a t e  o f  a b r a s io n  v a r i e d  
r a p i d l y  w i th  o r i e n t a t i o n  in  th e  neighbourhood o f  (1 1 1 ) , and th e  se n se  
e f f e c t  a c t u a l l y  r e v e r s e s  when th e  s u r f a c e s  i s  i n c l i n e d  by a sm a l l  
a n g le  tow ards  (’0 0 1 ) .
F ig s ,  3 ,5  and 3 .6  show t h e  i n t e r f e r e n c e  c o n t r a s t  o p t i c a l  
m ic rog raphs  o f  t h e  s c r a tc h e s  p a r a l l e l  to  <110> and <112> d i r e c t i o n s ,  
w h ich  show; ' more d e t a i l s  o f  •• c ra c k s  and c h i p s .  Some c r a c k s  
suddenly^ i n i t i a t e  below th e  c o n ta c t  p o i n t  a s  t h e  s l i d e r  moves,
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F ig .  3 .1  B r i g h t  f i e l d  o p t i c a l  m ic ro g ra p h s  o f  a  p a i r  
o f  s c r a t c h e s  p a r a l l e l  to  <110> d i r e c t i o n ,  
made on n e a r  (111) s i l i c o n  s u r f a c e ,  u s in g  
V ic k e r s  diamond p y ra m id ,  lo a d e d  to  50 gm, 
im m e d ia te ly  a f t e r  s c r a t c h i n g  p r o c e s s ,  x  48 .
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F i g .  3 .2  B r i g h t  f i e l d  o p t i c a l  m ic ro g ra p h s  o f  a  p a i r  
o f  s c r a t c h e s  p a r a l l e l  to  <112> d i r e c t i o n ,  
made on n e a r  (111) s i l i c o n  s u r f a c e ,  u s in g  
V ic k e r s  diamond p y ra m id ,  lo a d e d  to  50 gm, 
im m e d ia te ly  a f t e r  s c r a t c h i n g  p r o c e s s ,  x 48 .
F i g .  3 .3  Dark f i e l d  o p t i c a l  m ic ro g ra p h s  o f  a  p a i r  o f  
s c r a t c h e s  p a r a l l e l  to  <112> d i r e c t i o n ,  made 
on n e a r  (111) s i l i c o n  s u r f a c e  u s in g  V ic k e r s  
diamond py ram id ,  lo a d e d  to  50 gm, im m e d ia te ly  
a f t e r  p a s s a g e  o f  s t y l u s ,  showing d e b r i s  round  
th e  s c r a t c h e s ,  x  48 .
Fig. 3.4 The same pair of scratches as in Fig. 3.3 after
removal of the debris. The micrographs showing
the boundaries of the scratches, x 48.
♦ [112]
(b)
F ig .  3 .5  I n t e r f e r e n c e  c o n t r a s t  o p t i c a l  m ic ro g rap h s  o f  
s c r a t c h e s  p a r a l l e l  to  (a )  <110> d i r e c t i o n  
(b) <112> d i r e c t i o n ,  made on n e a r  (111) s i l i c o n  
s u r f a c e  u s in g  V ick e rs  diamond pyram id , loaded  
to  50 gm, th e  m ic ro g rap h s  showing i n i t i a t i v e  
c r a c k s  and c h ip p in g  r e g io n s ,  x 270.
p o s s i b l y  in  a manner s i m i l a r  to  th e  i n i t i a t i o n  o f  a median v e n t  
as  p ro p o sed  by Lawn and Swain (1975).  They a r e  c l e a r l y  observed  
f o r  such s c r a tc h e s  made p a r a l l e l  to  th e  [110] and [112]  d i r e c t i o n s  
as  shown in  F ig .  3 .5 .  There i s  no w e l l  d e f in e d  groove w i th i n  th e s e  
s c r a tc h e s ,  as would be ex p ec ted  because  o f  th e  i n i t i a t i o n  o f  th e  
c ra c k s  b e n e a th  th e  i n d e n t e r .  S id ew ays-ex tend ing  c ra c k s  were observed  
a s s o c i a t e d  w i th  such s c r a tc h e s  p a r a l l e l  to  th e  [1 1 0 ] ,  [110]  and [112] 
d i r e c t i o n s  (F ig s  3 .6  and 3 .8  ) .  These c ra c k s  a r e  p ro b a b ly  c r e a t e d  
beh in d  th e  s l i d e r .  S idew ays-ex tend ing  c ra c k s  a r e  i n i t i a l l y  p a r a l l e l  to  
th e  s c r a t c h  and to  th e  s u r f a c e .*  These ty p e s  o f  c ra c k s  a r e  p ro b a b ly  
"chevron  c ra c k s"  which a re  c r e a te d  im m edia te ly  beh ind  th e  s l i d e r  
(B a d r ic k ,  E ld eg h a id y ,  P u t t i c k  and Shahid , 1977) o r  " L a t e r a l  V en ts"  
which a re  i n i t i a t e d  d u r in g  u n lo a d in g  (Lawn and Swain, 1975) . A f te r  
com plete  u n lo a d in g  th e  e x ten d in g  c ra c k s  developed  l a t e r ,  fo rm ing  c h ip s .
F ig s  3 . 5 ( b ) ,  3 .6 (b )  and 3 .7  show la rg e  amounts o f  c h ip p in g  and 
few o r  no c ra c k s  a s s o c i a t e d  w ith  s c r a tc h e s  made in  [112]  d i r e c t i o n .
In  some c a s e s  c h ip s  have a fan  shape as  i n  F ig .  3 .7 .
C a re fu l  o b s e r v a t io n  by i n t e r f e r e n c e  c o n t r a s t  r e v e a le d  no 
e v id en ce  o f  l a r g e  s c a le  upward d isp la c e m e n t  o f  the  s u r f a c e ,  such 
'-as would be ex p ec ted  to  accompany ex tensive :,  - p l a s t i c  
d e fo rm a tio n  around th e  s c r a t c h .  Small l o c a l  d isp la c e m e n t  o n ly ,
T his  b e h a v io u r  has  been v i s u a l l y  observed  b u t  i s  u n f o r t u n a t e l y  n o t  
c l e a r  i n  th e  p r i n t s .
(b)
F i g .  3 .6  I n t e r f e r e n c e  c o n t r a s t  o p t i c a l  m ic ro g ra p h s  o f  
s c r a t c h e s  p a r a l l e l  to  (a )  <110> d i r e c t i o n  
(b) <112> d i r e c t i o n ,  made on n e a r  (111) s i l i c o n  
s u r f a c e  u s in g  V ic k e r s  diamond p y ra m id ,  lo a d e d  
to  50 gm, th e  m ic ro g ra p h s  showing e x te n d e d  c r a c k s  
and c h ip p in g  r e g i o n s ,  x 270.
♦ [112]
Fig. 3.7 Optical m i c r o g r a p h  of a scratch parallel
to the [112] direction, made on near (111) 
silicon surface, using Vickers diamond 
pyramid loaded to 50 gm, showing large 
chipping in a form of fan, debris spreading 
around the scratch, x 1050.
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F i g .  3 . 8  O p t i c a l  m i c r o g r a p h  o f  a s c r a t c h  p a r a l l e l  t o  
t h e  [ 1 1 2 ]  d i r e c t i o n ,  made on n e a r  (1 1 1 )  
s i l i c o n  s u r f a c e ,  u s i n g  V i c k e r s  d iam ond  p y ra m id  
lo a d e d  t o  50 gm, s h o w in g  a f u r r o w  w i t h i n  t h e  
g ro o v e  o f  t h e  s c r a t c h  and  c h e v r o n  c r a c k s  o u t s i d e *  
i t ,  d e b r i s  s p r e a d i n g  a r o u n d  t h e  s c r a t c h ,  x 1 0 5 0 .
1 1 8
m ain ly  a s s o c i a t e d  w ith  c ra c k s  and c o n s i s t e n t  w i th  a f i e l d  o f  e l a s t i c  
s t r a i n  f i e l d  were found.
The s o le  ev id en ce  o f  p l a s t i c  flow  was i n  th e  form o f  furr.ow ing 
w i th i n  th e  s c r a t c h  groove p a r a l l e l  to  i t s  d i r e c t i o n  i n  th o se  p a r t s  
o f  th e  s c r a t c h  i n  which ch ip p in g  had n o t  o c c u r re d ;  th e s e  a p p a r e n t ly  
r e g u l a r  s m a l l - s c a l e  c o r r u g a t io n s  a re  u s u a l l y  tak en  to  be due to  
some ty p e  o f  perm anent s t r a i n  o c c u r r in g  under th e  h ig h  h y d r o s t a t i c  
p r e s s u r e  b e n e a th  th e  s c r a t c h in g  t o o l .
F ig .  3 .9 ,  an image o f  a s in g l e  [112] s c r a t c h  formed by two 
beam i n t e r f e r o m e t r y  u s in g  a Nomarski p o l a r i z a t i o n  i n t e r f e r o m e t e r ,  
shows o c c a s io n a l  s l i g h t  upward d isp la c e m e n t  o f  the  s u r f a c e  a d j a c e n t  
to  th e  s c r a t c h  which su g g e s t  t h a t  some s u b su r fa c e  c ra c k in g  has  
o c c u r r e d .  There i s  no ev idence  o f  any " p i l i n g  up" i n d i c a t i v e  o f  
long  ran g e  p l a s t i c  f low .
3 . 3 .2  Scanning  E l e c t r o n  M icroscopy
Scanning  e l e c t r o n  m icroscopy r e v e a l s  t h a t  th e  bo ttom  o f  th e  
s c r a t c h  i s  fu rrow ed  p a r a l l e l  to  the  d i r e c t i o n  o f  s l i d i n g  i n  a way 
s i m i l a r  to  t h a t  observed  in  o th e r  m a t e r i a l s  as  w e l l  as  non m e ta l s .
The c h ip p in g  has  o ccu r red  m ain ly  by non c r y s t a l l o g r a p h i c  
f r a c t u r e .  F ig .  3 .10  i s  a t y p i c a l  f i e l d  o f  view  showing r e p r o d u c i b l e  
c h ip p in g  r e g io n s  i n  th e  b e g in n in g ,  th e  m idd le  and th e  end o f  th e  
s c r a t c h  p a r a l l e l  to  th e  [112] d i r e c t i o n  w ith  curved  f r a c t u r e  s u r f a c e s .  
P a r t i c u l a r l y  good c o n t r a s t  o f  th e se  d e t a i l s  i s ,  as  u s u a l ,  o b ta in e d  
by t i l t i n g  th e  specim en th rough  an an g le  abou t 60°, so as  to  v iew  
th e  s c r a t c h  a long  i t s  le n g th .  A s t e r e o  p a i r  o f  a r e g io n  of  th e  same
F i g .  3 . 9  Two-beam i n t e r f e r e n c e  o p t i c a l  micrograph
o f  a s c r a t c h  p a r a l l e l  t o  the [ 1 1 2 ]  d i r e c t i o n ,  
showing a double  image o f  the  s c r a t c h  and 
s l i g h t  s u r f a c e  d i s p l a c e m e n t  i s  v i s i b l e ,  x 270.
s c r a t c h  i s  o b ta in e d  by t i l t i n g  th e  specim en th rough  a n g le s  51° 
and 45° a s  seen  i n  F ig .  3 .1 1 .
I n  c a se  o f  s c r a t c h in g  th e  s u r f a c e  p a r a l l e l  to  th e  [112] 
d i r e c t i o n ,  u s in g  a V ickers  diamond pyramid w i th  a  lo a d  50 gm, l e s s  
c h ip p in g  and more c ra c k in g  were o c c u rre d  (se e  F ig .  3 .1 2 ) .  O c c a s io n a l ly  
th e  c ra c k s  a r e  sym m etrica l on b o th  s id e s  o f  th e  s c r a t c h .  F i g .  3 .1 3  
shows a  s t e r e o  p a i r  o f  a r e g io n  o f  th e  same s c r a t c h  p a r a l l e l  to  th e  
[112]  d i r e c t i o n  t i l t i n g  th e  specimen th rough  a n g le s  51° and 4 5 ° .
3 . 3 .3  X -ray Topography
3 . 3 . 3 . 1  S c ra tc h e s  i n  th e  <110> D i r e c t io n s
The most im m edia te ly  s t r i k i n g  f e a t u r e  o f  th e  f i e l d  o f  to p o g ra p h ic  
c o n t r a s t  i s  i t s  g rea t-  w id th .  T h is  i s  i l l u s t r a t e d  i n  F ig .  3 .14  which 
shows topog raphs  o f  a p a i r  o f  s c r a tc h e s  i n  th e  [110] and [1 1 0 ]  d i r e c t i o n s ,  
t a k e n  i n  th e  2 2 4 - type  r e f l e c t i o n ,  i n  MoKa^ r a d i a t i o n .  Here th e  r e ­
c i p r o c a l  l a t t i c e  v e c to r  o f  th e  r e f l e c t i o n  p la n e  i s  p e r p e n d i c u la r  to  th e  
s c r a t c h  l e n g th .  The t y p i c a l  c o n t r a s t  i s  a b o u t  400 pm b ro a d ,  c o n s i s t i n g  
o f  two bands o f  sym m etrica l b la c k e n in g  s e p a r a t e d  by a n a rro w  band o f  
minimum c o n t r a s t ,  which a r i s e s  from s c r a t c h e s  o f  ab o u t 10 pm i n  
w id th  and 2 pm i n  d e p th .  This  c o n t r a s t  i s ,  however, much red u c e d  i n  
r e f l e c t i o n s  o f  which th e  g - v e c to r  i s  p a r a l l e l  to  th e  s c r a t c h  l e n g th  
a s  shown i n  F ig .  3 .1 5 ,  which i l l u s t r a t e s  th e  c o n t r a s t  from th e  same 
p a i r  o f  th e  s c r a t c h e s  i n  th e  220-type  r e f l e c t i o n ,  i n  MoKai r a d i a t i o n .
The f i e l d  o f  th e  to p o g ra p h ic  c o n t r a s t  i s  a b o u t  a  q u a r t e r  th e  w id th  
o f  t h a t  i n  F ig .  3 .1 4 .  The s t r u c t u r e  a p p ea rs  more co m p lic a te d  w i th  
no w e l l - d e f in e d  band o f  minimum c o n t r a s t .
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F i g s .  3.16. and '3.17; show th e  p r o j e c t i o n  to p o g rap h s  o f  
t h e  same p a i r  o f  s c r a tc h e s  as  i n  F ig s .  3 .14  and 3 .15  , ta k e n  in  
th e  1 1 1 - ty p e  r e f l e c t i o n  and th e  0 2 2 - ty p e  r e f l e c t i o n  i n  MoKa-  ^ r a d i a t i o n  
r e s p e c t i v e l y .  The r e c i p r o c a l  l a t t i c e  v e c t o r  o f  th e  r e f l e c t i o n  p la n e  
i s  p e r p e n d i c u la r  to  th e  s c r a t c h  l e n g th  i n ’ th e  case  o f  F ig .  3 . 1 6 ; .
The c o n t r a s t  o f  th e  s t r a i n  f i e l d  o f  th e  s c r a t c h e s  c o n s i s t s  o f  
th e  two bands o f  asym m etr ica l b la c k e n in g ,  s e p a ra te d  by a n a rro w  band 
o f  minimum c o n t r a s t  due to  th e  111 -type  r e f l e c t i o n ,  b u t  th e  c o n t r a s t  
o f  th e  s t r a i n  f i e l d  o f  th e  s c r a tc h e s  i s  th e  same as  i n  th e  2 2 4 - ty p e  
r e f l e c t i o n .  The c o n t r a s t  i s  d i f f e r e n t  and reduced  .by h a l f  i n  . ' * 
th e  c a se  o f  th e  0 2 2 - ty p e  r e f l e c t i o n ,  when th e  p r o j e c t i o n  o f  th e  
r e c i p r o c a l  l a t t i c e  v e c t o r  o f  th e  r e f l e c t i o n  p la n e  i s  i n c l i n e d  by a 
sm all  a n g le  to  th e  s c r a t c h  le n g th  (se e  F ig .  3 .1 7 ) .
The c r y s t a l  s u r f a c e  was a l s o  s c r a tc h e d  in  th e  [ O i l ]  and 
[ O i l ]  d i r e c t i o n s ,  r e s p e c t i v e l y .  The s i t u a t i o n  i s  s i m i l a r  to  th e  
s c r a t c h e s  p a r a l l e l  to  th e  [110] and [110] d i r e c t i o n s ,  b u t  t h e r e  a r e  
some v a r i a t i o n s  i n  th e  c o n t r a s t  such as  th e  change o f  th e  s t r u c t u r e  
and th e  s i z e  o f  th e  f i e l d  o f  c o n t r a s t  a s  a f u n c t io n  o f  th e  r e f l e c t i o n  
(s e e  F i g s . 3 .1 8 ,  3 .1 9 ,  3 .20  and 3 .2 1 ) .
3 . 3 . 3 . 2  S c ra tc h e s  i n  th e  <112> D i r e c t io n s
The m ost s t r i k i n g  f e a t u r e  o f  th e  s t r a i n  f i e l d  o f  th e  to p o g ra p h ic  
c o n t r a s t ,  i s  i t s  g r e a t  w id th  f o r  a s c r a t c h  made p a r a l l e l  to  th e  [112 ]  
d i r e c t i o n  and i t s  l e s s e r :  w id th  f o r  a s c r a t c h  made p a r a l l e l  t o  th e
[112 ]  d i r e c t i o n  a s  n o ted  by R enninger (19 7 2 ) .  The p r o j e c t i o n  to p o ­
g raphs  o f  a p a i r  o f  s c r a tc h e s  i n  th e  [112] and [112] d i r e c t i o n s  w ere 
ta k e n  i n  th e  2 20 -type  r e f l e c t i o n  in  MoKa^ r a d i a t i o n ,  as  shown i n
<^] g-vector
Fig. 3.14 Transmission X-ray topographs of a pair 
of_ scratches parallel to the [110] and 
[110] directions, made on near (111) si­
licon surface, using Vickers_diamond 
pyramid, loaded to 50 gm, 224 reflection 
in MoKai radiation, x 48.
<3>
g-vector
F i g .  3 .15  T r an sm iss ion  X-ray topographs  o f  t h e  sam e
p a i r  o f  s c r a t c h e s  as  in F i g .  3 . 1 4 ,  220
r e f l e c t i o n  in MoKai r a d i a t i o n ,  x 4 8 .
8 <|
Fig. 3.16 Transmission X-ray topographs of the same 
pair of scratches as in Fig. 3.14, 3.15, 
111 reflection in MoKa^ radiation, x 48.
2
F ig .  3 .1 7  T ra n s m is s io n  X -ray  to p o g ra p h s  o f  th e  same 
p a i r  o f  s c r a t c h e s  a s  in  F i g .  3 .1 4 ,  3 .1 5  
and 3 .1 6 ,  022 r e f l e c t i o n  in  MoKai r a d i a t i o n ,  
x 48 .
Fig.
9
Fig. 3
3.18 Transmission X-ray topographs of a pair of 
scratches parallel to the [Oil] and [Oil] 
directions, made on near (111) silicon sur­
face using Vickers diamond pyramid, loaded 
to 50 gm, 111 reflection in MoKPC^ radiation, 
x 48.
.19 T r a n s m is s io n  X-ray topographs  o f  the same
p a i r  o f  s c r a t c h e s  as  in  F i g .  3 . 1 8 ,  224
r e f l e c t i o n  in  MoKa  ^ r a d i a t i o n ,  x 4 8 .
Fig. 3.20 Transmission X-ray topographs of the same
pair of scratches as in Figs. 3.18 and 3.19, 
220 reflection in MoKa^ radiation, x 48.
Lon]
8
<2>
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F i g .  3 .2 1  T r a n s m is s i o n  X-ray  to p o g r a p h s  o f  th e  same
p a i r  o f  s c r a t c h e s  a s  in  F i g s .  3 . 1 8 ,  3 . 1 9  and
3 . 2 0 ,  022 r e f l e c t i o n  i n  MoKa  ^ r a d i a t i o n ,  x 48
F ig .  3 .22  . Here th e  r e c i p r o c a l  l a t t i c e  v e c to r  i s  p e r p e n d ic u la r  
to  th e  s c r a t c h  l e n g th .  A p a i r  o f  s c r a t c h e s  i n  <112> d i r e c t i o n  
e x h ib i t s  a marked se n se  e f f e c t ,  such t h a t  th e  w id th  o f  th e  double  
band o f  c o n t r a s t  from a s c r a t c h  i n  o r  n e a r  [112]  d i r e c t i o n  is* o n ly  
h a l f  o r  l e s s  th a n  t h a t  caused  by a s c r a t c h  in  [112] d i r e c t i o n .  The 
t y p i c a l  c o n t r a s t  i s  abou t 400 ym b ro a d ,  c o n s i s t i n g  o f  two bands 
s e p a r a t e d  by a  narrow  band o f  minimum c o n t r a s t ,  which a r i s e s  from 
a s c r a t c h  made i n  [112] d i r e c t i o n .  Rut th e  w id th  o f  th e  c o n t r a s t  
a r i s i n g  from a s c r a t c h  made in  [112] d i r e c t i o n  i s  abou t 160 ym, which 
h a s  two bands o f  asym m etr ica l c o n t r a s t  s e p a r a t e d  by a narrow  band o f  
minimum c o n t r a s t .  This  sense  e f f e c t  p e r s i s t s  even in  th o se  r e f l e c t i o n s  
which m inim ize th e  c o n t r a s t  w id th  a s  shown i n  F ig:;.  3 .2 3  w h e re . th e  
r e c i p r o c a l  l a t t i c e  v e c t o r  o f  th e  r e f l e c t i n g  p la n e  l i e s  i n  th e  same 
p la n e  a s  th e  s c r a t c h  d i r e c t i o n .  A lthough th e  d e t a i l s  o f  th e  c o n t r a s t  
a r e  q u i t e  d i f f e r e n t  from t h a t  shown i n  F ig .  3 .15 , th e  w id th  o f  th e  
c o n t r a s t  o f  th e  s c r a t c h  p a r a l l e l  to  th e  [112] d i r e c t i o n  i s  s t i l l  v e ry  
much l e s s  th a n  t h a t  caused  by th e  s c r a t c h  p a r a l l e l  to  th e  [112] 
d i r e c t i o n .
F ig s .  3 .24. and ,3.25.. show th e  p r o j e c t i o n  to p o g rap h s  o f  th e  
same p a i r  o f  s c r a t c h e s  a s  i n  F ig s .  3 .22) and 3.23. , ta k e n  i n  th e  
224 and 0 2 2 - ty p e  r e f l e c t i o n s ,  in  MoKa^ r a d i a t i o n .  The g - v e c t o r  o f  
th e  r e f l e c t i o n  p la n e  l i e s  i n  th e  same p la n e  as  th e  s c r a t c h  d i r e c t i o n .  
A lthough  th e  d e t a i l s  o f  th e  c o n t r a s t  a r e  q u i t e  d i f f e r e n t  from  t h a t  
shown i n  F ig s .  3 .22) and 3.23. , th e  s e n se  e f f e c t  s t i l l  e x i s t s ,  
f o r  th e  w id e r  s t r a i n  f i e l d  i n  th e  [112] d i r e c t i o n  and th e  n a r ro w e r  
s t r a i n  f i e l d  i n  th e  [112] d i r e c t i o n .  I t  was ob se rv ed  t h a t  th e  c o n t r a s t
o f th e  s c r a t c h e s  in  F ig .  3 .25 ' i s  n e a r l y  s i m i l a r  to  th e  c o n t r a s t  
o f  th e  same s c r a tc h e s  as  i n  F ig .  '3 .2 2  f o r  th e  022 and 2 2 0 - ty p e  
r e f l e c t i o n s ,  w hereas th e  g - v e c to r  o f  th e  r e f l e c t i n g  p la n e  i n  F ig .
3 .2 2  i s  p e r p e n d ic u la r  t o  th e  s c r a t c h  l e n g th  and th e  p r o j e c t i o n  
o f  th e  g - v e c to r  o f  th e  r e f l e c t i n g  p la n e  i n  F ig .  3 .25 i s  i n c l i n e d  
to  th e  s c r a t c h  l e n g th  by a  sm all  a n g le .  The minimum c o n t r a s t  o f
i s
a narrow  band betw een th e  two bands o f  th e  a sy m m etr ica l  b la c k e n in g  
i s  w id e r  in  th e  0 2 2 - ty p e  r e f l e c t i o n  th a n  t h a t  o f  th e  22 0 -ty p e  
r e f l e c t i o n .
• The c r y s t a l  s u r f a c e  was s c r a tc h e d  p a r a l l e l  to  th e  £211] 
d i r e c t i o n  and th e  r e v e r s e  p a r a l l e l  to  th e  [ 2 1 1 ]  d i r e c t i o n .  The 
s i t u a t i o n  i s  n e a r l y  s i m i l a r  to  th e  p re v io u s  c a se  o f  th e  s c r a t c h e s  
p a r a l l e l  to  th e  [112] and [112]  d i r e c t i o n s ;  th e  sen se  e f f e c t  o f  th e  
wide s t r a i n  f i e l d  c o n t r a s t  i n  th e  [211]  d i r e c t i o n  and th e  n a rro w  
s t r a i n  f i e l d  c o n t r a s t  i n  th e  [ 2 1 1 ]  d i r e c t i o n  i s  .. c l e a r  ( s e e  F i g s .
3 .26  and 3 .2 7 ) .  A lthough th e  p r o j e c t i o n s  o f  th e  g - v e c t o r  o f  th e  
r e f l e c t i n g  p la n e s  a r e  i n c l i n e d  to  th e  s c r a t c h  le n g th  by a  sm a ll  
a n g le  a s  shown i n  F ig s .  3 .2§  and '3 .29  , th e  c o n t r a s t  o f  th e  
s t r a i n  f i e l d  i s  changed a s  a f u n c t io n  o f  th e  r e f l e c t i o n  p l a n e .
A lso th e  minimum c o n t r a s t  o f  a narrow  band between th e  two a sy m m etr ic a l  
bands o f  b la c k e n in g  i n  th e  [211 ]  d i r e c t i o n  s c r a t c h ,  i s  changed to  th e  
w id e s t  band o f  minimum c o n t r a s t  betw een th e  two ro u g h ly  sy m m etr ica l  
bands o f  b la c k e n in g  o f  th e  same [ 2 1 1 ]  d i r e c t i o n  s c r a t c h . ( F i g .  3 . 2 9 ) .
<3 g-vector
Fig. 3.22 Transmission X-ray topographs_of a pair of 
scratches parallel to the [112] and [112] 
directions, made on near (111) silicon sur­
face, using_Vickers diamond pyramid, loaded 
to 50 gm, 220 reflection in MoKa-^ radiation, 
x 48.
g-vector
F i g .  3 . 2 3  Transm iss ion  X-ray topographs  o f  the_same
p a i r  o f  s c r a t c h e s  as  i n  F i g .  3 . 2 2 ,  111
r e f l e c t i o n  i n  MoKa  ^ r a d i a t i o n ,  x 4 8 .
oFig. 3.24 Transmission X-ray topographs of the same
pair of scratches as in Figs. 3.22 and 2.23, 
224 reflection in MoKa^ radiation, x 48.
9
Fig. 3.25 Transmission X-ray topographs of the same 
pair of scratches as in Figs. 3 . 2 2 ,  2 . 2 3  
and 3.24, 022 reflection i n  MoKaj r a d i a t i o n ,  
x 4 8 .
Fig. 3.26 Transmission X-ray topographs of a pair 
of_scratches parallel to the [211] and 
[211] directions, made on near (111) si­
licon surface, using Vickers diamond py­
ramid, loaded to 50 gm, 220 reflection in 
MoKai radiation, x 48.
9 [ >
F i g .  3 .2 7  T r an sm iss ion  X-ray topographs  o f  the  same
p a i r  o f  s c r a t c h e s  as  i n  F i g .  3 . 2 6 ,  022
r e f l e c t i o n  in  MoKotj r a d i a t i o n ,  x 4 8 .
0Fig. 3.28 Transmission X-ray topographs of the same
pair of scratches as in Figs. 3.26 and 3.27, 
111 reflection in MoKa^ radiation, x 48.
Fig. 3.29 Transmission X-ray topographs of the same 
pair of scratches as in Figs. 3.26, 3.27 
and 3.28, 224 reflection in MoKaj radiation, 
x 48.
3.4 Discussion
The s c r a t c h e s  dem onstra ted  i n  t h i s  C hap te r  a r e  i n  th e  <110> and 
<112> d i r e c t i o n s .  They were made a t  room te m p e ra tu re  by u s in g a V ic k e rs  
diamond pyramid loaded  to  50 gm on n e a r  (111) s i l i c o n  s l i c e s  which 
have s u r f a c e s  m is o r i e n te d  by abou t 3° from (.111) tow ards (110) . The 
o b s e rv a t io n s ’by th e  o p t i c a l  and scann ing  e l e c t r o n  m icroscopy  and X -ray  
topography  t e c h n iq u e s ,  show t h a t  th e  s c r a tc h e s  have a  rem a rk ab le  s e n s e  
e f f e c t  depending  on th e  o r i e n t a t i o n  d i r e c t i o n .
F or th e  <110> s c r a tc h e s  th e  amount o f  m a te r i a l  rem oval which was 
o b se rv ed  as  d e b r i s  around the  s c r a t c h  p a r a l l e l  to  th e  [110 ]  d i r e c t i o n  
i s  a p p ro x im a te ly  th e  same amount o f  m a t e r i a l  removal from th e  o p p o s i t e  
d i r e c t i o n ,  and a l s o  th e  p h y s ic a l  w id th s o f  th e  s c r a tc h e s  a r e  s i m i l a r  
a s  shown in  F ig .  3 .1 .  But th e  s c r a tc h e s  made in  th e  <112>
d i r e c t i o n s  have a s t r i k i n g  sen se  e f f e c t .  The amount o f  d e b r i s  w hich was 
removed from a s c r a t c h  i n  th e  [112] d i r e c t i o n  was g r e a t e r  th a n  t h a t  
from a  s c r a t c h  i n  th e  [112] d i r e c t i o n .  The p h y s ic a l  w id th  o f  a 
s c r a t c h  i n  th e  [112] d i r e c t i o n  i s  w id e r  th a n  t h a t  o f  th e  o p p o s i t e  
d i r e c t i o n .  These, types, o f  s c r a tc h e s  a r e  shown i n  F ig s .  3 .2  and 
3 .3  i n  (B r ig h t  and Dark F ie ld s )  o p t i c a l  m icroscopy  te c h n iq u e s .  The 
s c r a t c h e s  i n  [112]  and [112] d i r e c t i o n s  ap p ea red  w i th  w e l l  d e f in e d  
b o u n d a r ie s  a f t e r  th e  removal a l l  th e  d e b r i s  from th e  s u r f a c e  a r e  
d em o n s tra ted  i n  F ig .  3 .4 .
F ig s .  3 . 5 ( b ) ,  3 . 6 ( b ) ,  3 .7 ,  3 .8 ,  3 .1 0  and 3 .12  r e s p e c t i v e l y  
show c h ip p in g  a s s o c ia t e d  w ith  th e  [112] s c r a t c h e s  and c ra c k s
a s s o c i a t e d  w i th  th e  [112] s c r a t c h e s .  T h is  o b s e r v a t io n  was r e p o r t e d  
by B a d r ic k ,  E ld e g h a id y ,  P u t t i c k  and Shahid  (1977); P u t t i c k  and S hahid
(1977) f o r  s c r a tc h e s  made on n e a r  (111) s i l i c o n  s l i c e s  which have 
s u r f a c e s  m i s o r i e n te d  by abou t 3° from (111) tow ards  (1 1 0 ) .  I t  i s  
s i m i l a r  to  th e  e f f e c t  observed  by Wilks and Wilks (1972) f o r  th e  
a b r a s io n  o f  diamond s u r f a c e s ;  f o r  f a c e t s  t i l t e d  by more th a n  1° 
from (111) tow ards (110) th e y  observed  t h a t  th e  r a t e  o f  removal o f  
m a t e r i a l  (a s  m easured by th e  d ep th  o f  c u t )  was g r e a t e r  f o r  a b r a s io n s  
made in  [1 1 2 ] ,  [211 ]  and [121] d i r e c t i o n s  r a t h e r  th a n  in  th e  [1 1 2 ] ,  
[211]  and [121] d i r e c t i o n s .  I t  m ust,  however, be n o te d  t h a t  p a r t i c u l a r  
c a r e  i s  n e c e s s a ry  i n  o r i e n t i n g  c r y s t a l s ,  s in c e  Wilks and W ilks a l s o  
found t h a t  th e  r a t e  o f  a b r a s io n s  v a r i e d  r a p i d l y  w i th  o r i e n t a t i o n  i n  
th e  neighbourhood  o f  (1 1 1 ) , and th e  sense  e f f e c t  a c t u a l l y  r e v e r s e s  
when th e  s u r f a c e  i s  i n c l in e d  by a sm all  a n g le  tow ards (0 0 1 ) .
Wilks and Wilks (1972) have d i s c u s s e d  th e  cogna te  a n i s t r o p y  o f  
th e  a b r a s io n  o f  diamond s u r f a c e s  by a r o t a t i n g  w heel,  and have p roposed  
a  q u a l i t a t i v e  v iew  o f  th e  p ro c e s s  based  on Tolkowskyf s (1920) model 
o f  diamond s u r f a c e  s t r u c t u r e .  This  e s s e n t i a l l y  e n v isa g e s  wear a s  a 
p ro c e s s  o f  rem oval o f  fragm ents  bounded by c leav ag e  p l a n e s .
The W ilks-Tolkowsky model has th e  g r e a t  m e r i t  o f  c o r r e l a t i n g  th e  
r e s u l t s  o f  a b r a s io n  t e s t s  over a wide ran g e  o f  s u r f a c e  o r i e n t a t i o n s ,  
and th e  o b s e r v a t io n s  on a n i s o t ro p y  o f  s c r a t c h in g  i n  <112> d i r e c t i o n  
a r e  i n  acc o rd  w i th  i t s  p r e d i c t i o n .
However, s in c e  i n  th e  ex p er im en ts  c a r r i e d  o u t  th e  wear f ra g m e n ts  
a r e  m a in ly  r e l a t i v e l y  l a r g e  ch ips^  uifc m igh t e x p e c t  to  f i n d  th e s e  
ap p ro x im a te ly  i n  shape to  th e  "m ic ro c lea v ag e  b lo c k s 1' o f  th e  W ilk s -  
Tolkowsky m odel, and t h i s  e x p e c ta t io n  i s  n o t  borne  o u t  by o b s e r v a t i o n .
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F ig .  3 .30  i l l u s t r a t e s  th e  d i s p o s i t i o n  o f  c le a v a g e  p la n e s  (bounding  in  
i n v e r t e d  te t r a h e d r o n )  i n  r e l a t i o n  to  a p a i r  o f  <112> d i r e c t i o n s  on 
th e  (111) p l a n e .  C hipping in  r e l a t i o n  to  a b r a s io n  in  th e  [112]  
d i r e c t i o n  shou ld  most e a s i l y  be a c h ie v e d ,  a c c o rd in g  to  th e  ab o v e 'm o d e l,  
by th e  rem oval o f  th e  t e t r a h e d r a  o r  o c ta h e d ra  bounded by th e s e  p l a n e s .
F ig .  3 .31  i l l u s t r a t e s  th e  schem atic  v iew  o f  s c r a t c h  t y p e s .  The 
o b s e r v a t io n s  o f  c ra c k s  a s s o c i a t e d  w i th  s c r a tc h e s  i n  <110> d i r e c t i o n s  
show th e  c ra c k s  i n i t i a t e  beh ind  th e  in d e n t in g  p o i n t ,  b u t  t h e r e  a r e  a 
few c ra c k s  p ro b a b ly  i n i t i a t e d  b e n e a th  th e  i n d e n t in g  p o i n t  i n  a manner 
s i m i l a r  to  "median v e n t s "  r e p o r te d  by Lawn and Swain (1975) f o r  c ra c k s  
i n i t i a t e d  b e n e a th  a c r i t i c a l  zone in  a p la n e  o f  symmetry in  th e  a p p l i e d  
f i e l d  norm al to  th e  s u r f a c e .
On one s id e  th e  e x te n d in g  c ra c k s  a re  a s s o c i a t e d  w i th  th e  [11.2] 
s c r a t c h e s ;  th e s e  c ra c k s  a r e  i n i t i a l l y  ro u g h ly  p a r a l l e l  t o  th e  s c r a t c h  
groove and to  th e  s u r f a c e .  The c ra c k s  p ro b a b ly  i n i t i a t e  j u s t  beh in d  
th e  s l i d e r  and th e n  develop  l a t e r  a f t e r  th e  i n d e n te r  rem oval p ro b a b ly  
by a f i e l d  o f  r e s i d u a l  t e n s i l e  s t r e s s  fo l lo w in g  th e  p assag e  o f  th e  
s l i d e r .
The o b s e r v a t io n s  o f  ch ip s  a s s o c i a t e d  w i th  s c r a tc h e s  i n  th e  
[112] d i r e c t i o n  as  seen  in  F ig s  3 . 5 ( b ) ,  3 .6 (b )  and 3 .10  
in d i c a t e  t h a t  th e  c ra c k s  ex tend  f u r t h e r  a f t e r  com plete  u n lo a d in g  
to  form c h i p s .  In  some case s  ch ip s  have a fa n  shape ; i n  a lm o s t  
a l l  c a s e s  th e  c h ip s  have non c r y s t a l l o g r a p h i c  s u r f a c e s .  The a c t u a l  
shape o f  c h ip s  i s  in  th e  words o f  Lawn, "a  compromise betw een th e  
demands o f  th e  s t r e s s  f i e l d  and th o se  o f  s u r f a c e  ene rgy  11.
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Fig. 3. 30 Relation between(112) directions on (111) 
surface and adjacent cleavage planes.
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Fig. 3. 31 Schematic view of scratch types:
"Chevron C racks"  a r e  a s s o c i a t e d  w i th  [112] s c r a t c h e s .  T h is  
b e h a v io u r  i s  s i m i l a r  to  th e  c ra c k  p a t t e r n  round s c r a t c h e s  on 
in o r g a n ic  g l a s s ,  w hich , as  p o in te d  o u t  by Lawn (1967) a r e  p ro b a b ly  
formed by th e  c o n c e n t r a t i o n  o f  t e n s i l e  s t r e s s  c r e a t e d  b e h in d  a 
s l i d i n g  in d e n te r  by f r i c t i o n  between i t  and th e  s u r f a c e .  The p ro c e s s  
h as  been  a n a ly se d  t h e o r e t i c a l l y  f o r  e l a s t i c  c o n t a c t  by H am ilton  and 
Goodman (1966) ,  who showed t h a t  a s  th e  c o e f f i c i e n t  o f  f r i c t i o n  i n c r e a s e s ,  
th e  t r a j e c t o r i e s  o f  maximum t e n s i l e  s t r e s s  i n  th e  s u r f a c e  become p ro ­
g r e s s i v e l y  more d i s t o r t e d  from th e  c i r c l e s  o f  th e  s t a t i c  H e r t i z i a n  
c a s e ,  u n t i l  above a  v a lu e  o f  abou t 0 .1  th e y  become c u rv e s  open in  
th e  d i r e c t i o n  o f  s l i d i n g .  I t  i s  assumed t h a t  th e  system  o f  th e  chevron  
c ra c k s  a s s o c i a t e d  w i th  th e  s c r a tc h e s  i s  formed i n  th e  way p o s t u l a t e d  
by Lawn (1967); th e y  a r e  c r e a te d  beh in d  th e  moving i n d e n t e r ,  and 
wedged open by d e b r i s  (B ad r ic k ,  E ld eg h a id y ,  P u t t i c k  and Sha'hid, 1977)., 
S u b su rfa ce  c ra c k in g  has been- observed  (F ig .  3 .9 )  by two beam 
i n t e r f e r o m e t r y ., The s u r f a c e  l e v e l  around th e  s c r a t c h  shows l i t t l e  
upward d is p la c e m e n t  and c e r t a i n l y  no ev idence  o f  " p i l i n g  up" which 
'accom pan ies  p l a s t i c  f low  round s c r a t c h e s .
The o b s e r v a t io n  o f  th e  c o n t r a s t  i n  th e  X -ray  to p o g rap h s  o f  th e  
s c r a t c h e s  i n  <110> and <112> d i r e c t i o n s ,  i n d i c a t e s  t h a t  th e  r e s i d u a l  
s t r a i n  f i e l d  round s c r a tc h e s  i s  o f  th e  same n a t u r e  a s  t h a t  found by 
F ran k ,  Lawn, Lang and Wilks (1 9 6 7 ) j i n  a s s o c i a t i o n  w i th  a b r a s io n s  
on diamond s u r f a c e s .  The narrow ing  o f  th e  c o n t r a s t  f i e l d  when th e  
r e f l e c t i n g  p la n e s  a r e  normal to  th e  a x i s  o f  th e  s c r a t c h  as  s een  i n  
F ig s  3 .1 5 ,  3 .21  . and 3 .23  show t h a t  a m ajor component
o f  th e  d is p la c e m e n t  i s  i n  the  s u r f a c e  normal to  th e  s c r a t c h  d i r e c t i o n .  
There i s  no m easu rab le  upward d isp la c e m e n t  of^ th e  f r e e  s u r f a c e ,  and no
i n d i c a t i o n  o f  any p l a s t i c  f low  o u t s id e  th e  s c r a t c h  g roove , so t h a t  
th e  r e s u l t s  a r e  c o n s i s t e n t  w i th  an e l a s t i c  f i e l d  o f  p la n e  s t r a i n ,  
a s  p o s t u l a t e d  by F rank  e t  a l  (1967) .  They were indeed  a b le  t o  show 
unam biguously , by ta k in g  topographs  i n  r a d i a t i o n  o f  d i f f e r e n t  wave­
l e n g t h s ,  t h a t  th e  d e fo rm a tio n  round t h e i r  a b r a s io n s  on diamond was 
s u r f a c e  com press ion ; i t  seems most r e a s o n a b le  to  assume t h a t  th e  
d is p la c e m e n t  v e c t o r  i n  th e  topographs  seen  i n  F ig s .  3 .1 5 ,  3 .2 1 ,  3 .2 3  
and 3 .2 4 ,  i s  a l s o  o u tw ard ly  d i r e c t e d  from th e  s c r a t c h ,  and t h a t  th e  
s u r f a c e  l a y e r s  i n  th e  neighbourhood o f  th e  s c r a t c h e s  ( e x c lu d in g  th e  
im m ediate v i c i n i t y  o f  th e  s c r a t c h  groove) a r e  i n  a s t a t e  o f  p la n e  
s t r a i n  com press ion .
The c e n t r a l  f i e l d  o f  b la c k e n in g  which ap p ea rs  i n  F ig s .  3 .1 5  and 
3 .2 3 ,  ro u g h ly  complementary to  th e  wide c o n t r a s t  band o f  o th e r  
r e f l e c t i o n s ,  su g g e s ts  t h a t  c lo s e  to  o r  w i th i n  th e  groove t h e r e  e x i s t s  
a component o f  d isp la c e m e n t  p a r a l l e l  to  th e  s c r a t c h  l e n g t h ,  w hich 
would be c o n s i s t e n t  w i th  th e  model p o s t u l a t e d  by F rank  e t  a l  (19.67) 
o f  th e  wedging open o f  "chevron"  c r a c k s .
Such a system  would r e s u l t  i n  a f i e l d  o f  s u r f a c e  com press ive  
s t r e s s  w i th  a d is p la c e m e n t  v e c t o r  hav in g  a s t r o n g  component p e r p e n d i c u la r  
to  th e  s c r a t c h ,  and i t  i s  t h e r e f o r e  n a t u r a l  to  a s s o c i a t e  th e s e  chev ron  
c ra c k s  w i th  th e  lo n g - ra n g e  f i e l d  o f  e l a s t i c  s t r a i n  r e v e a le d  by X -ray  
topo g rap h y .
The o b s e rv a t io n s  by o p t i c a l  and scan n in g  e l e c t r o n  m icroscopy  show 
t h a t  th e  c h ip p in g  a s s o c i a t e d  w i th  [112] s c r a t c h in g  .is bounded by 
th e  t r a c e s  o f  chevron  c r a c k s ,  so t h a t  ch ip  fo rm a t io n  has  e f f e c t i v e l y  
removed th e  c r a c k s .  But th e  o b se rv a t io n s  by X -ray  topog raphy  show
t h a t  th e  [112] s c r a t c h  i s  accompanied by a much n a rro w er  f i e l d  o f  
lo n g - ra n g e  e l a s t i c  s t r a i n  th a n  th e  [112] s c r a t c h  which do n o t  e x h i b i t  
c h ip p in g .  P a i r s  o f  s c r a tc h e s  i n  <112> d i r e c t i o n s  e x h i b i t  a marked 
sen se  e f f e c t ,  such  t h a t  th e  w id th  o f  th e  s t r a i n  f i e l d  o f  c o n t r a s t  
from s c r a t c h e s  i n  o r  n e a r  [1 1 2 ] ,  [211] and [121] i s  o n ly  h a l f  t h a t  
caused  by [ l l 2 ] ,  [211] and [121]  as  seen  i n  F ig s .  3 .22  and 3 .2 7 .  T h is  
asymmetry p e r s i s t s  even i n  th o s e  r e f l e c t i o n s  which m inim ize th e  c o n t r a s t  
as  s een  i n  F ig s .  3 .23  and 3 .2 4 .  A lthough th e  d e t a i l s  o f  th e  c o n t r a s t  
a r e  q u i t e  d i f f e r e n t  as  a f u n c t i o n  o f  th e  r e f l e c t i n g  p la n e ,  th e  w id th  
o f  th e  [112] c o n t r a s t  i s  s t i l l  v e ry  much l e s s  th a n  t h a t  caused  by 
[1 1 2 ] .
A sen se  e f f e c t  i n  th e  appearance  o f  th e  s c r a tc h e s  i n  <112> 
d i r e c t i o n s  i s  a l s o  found by o p t i c a l  and scan n in g  e l e c t r o n  m icro scopy  
However, th e  e f f e c t  i s  such t h a t  th e  w id e s t  and most h e a v i l y  ch ipped  
s c r a t c h  i s  found i n  th e  r e g io n s  o f  [1 1 2 ] ,  [211] and [1 2 1 ] ,  w h i le  n e a r  
[1 1 2 ] ,  [211] and [121] were th e  d i r e c t i o n s  o f  s c r a t c h in g  r e s p o n s i b l e  f o r  
th e  w id e s t  f i e l d  o f  to p o g ra p h ic  c o n t r a s t .  The s c r a t c h  fu rro w  i s  n a rro w , 
w i th  few c h ip s  b u t  many c r a c k s .  Renninger (1972) r e p o r t e d  t h a t  he has  
f r e q u e n t ly  observed a sen se  e f f e c t  i n  <112> d i r e c t i o n s ,  b u t  th e  p h o to ­
g raphs  i n  h i s  p a p e r  do n o t  d em o n s tra te  i t  c l e a r l y .
The o b s e r v a t io n  o f  th e  c o n t r a s t  from p a i r s  o f  s c r a t c h e s  i n  <110> 
d i r e c t i o n s  . i n d i c a t e s  t h a t  th e  w id th  o f  th e  s t r a i n  f i e l d  c o n t r a s t  
round th e  s c r a tc h e s  i n  o r  n e a r  [1 1 0 ] ,  [ O i l ]  and [101]  i s  th e  same as  .
i n  o r  n e a r  [1 1 0 ] ,  [ O i l ]  and [101] as  seen  i n  F ig s .  3 .14  as  would be
is , , ,
ex p e c te d  a n d /a l s o  c o n s i s t e n t  w i th  th e  o b s e r v a t io n  by o p t i c a l  m ic ro sco p y
f o r  a  p a i r  o f  s c r a tc h e s  i n  [110] and [110] d i r e c t i o n s a s  seen  i n  F ig .  3 .1
T h is  symmetry p e r s i s t s  even in  th o s e  r e f l e c t i o n s  which m inim ize 
th e  c o n t r a s t  as  seen  in  F ig .  3 .1 5 .  A lthough th e  d e t a i l s  o f  th e  
c o n t r a s t  a r e  q u i t e  d i f f e r e n t  a s  a f u n c t io n  o f  th e  r e f l e c t i n g  p la n e ,  
th e  w id th  o f  th e  [1 1 0 ] ,  [ O i l ]  and [101] c o n t r a s t  i s  s t i l l  th e  same 
o f  th e  [1 1 0 ] ,  [ O i l ]  and [101] c o n t r a s t .
The r e s u l t s  a r e  i n t e r p r e t e d  i n  term s o f  th e  s t r e s s  by a moving 
s c r a t c h in g  p o i n t .  T e n s i l e  s t r e s s e s  j u s t  b eh in d  th e  s c r a t c h in g  p o i n t  
c r e a t e  a c ra c k  a lo n g  a p a th  ap p ro x im a te ly  o r th o g o n a l  to  th e  maximum 
t e n s i l e  s t r e s s  i n  th e  s u r f a c e .  T h is  c ra c k  i s  wedged open, p e rh a p s  
by d e b r i s ,  and g iv e s  r i s e  to  a f i e l d  o f  lo n g - ra n g e  s u r f a c e  com press ion  
As; th e  s c r a t c h in g  p o i n t  moves away, r e s i d u a l  s u b s u r fa c e  t e n s i l e  s t r e s s  
open l a t e r a l  v e n t  c ra c k s  which may p ro p a g a te  f o r  enough to  i n t e r s e c t  
th e  s u r f a c e  and remove c h ip s ;  th e s e  e l im i n a te  th e  "chev ron"  c ra c k s  
and hence  a m ajor component o f  th e  lo n g - ra n g e  s t r a i n  f i e l d .  C hipp ing  
o c c u rs  a t  a c r i t i c a l  lo a d  which i s  a f u n c t io n  o f  s c r a t c h  d i r e c t i o n .
The m ain  c o n c lu s io n s  drawn a r e :
1 .  The appea rance  o f  th e  s c r a t c h  groove shown by o p t i c a l  
m icroscopy  and th e  r e s i d u a l  s t r a i n  f i e l d  r e v e a le d  by 
X -ray  topography  in  o r  n e a r  <110> d i r e c t i o n s  i s  found 
to  be i s o t r o p i c .
2. The ap p ea ran ce  o f  th e  s c r a t c h  groove shown by o p t i c a l  
and scan n in g  e l e c t r o n  m icroscopy  in  o r  n e a r  <112> 
d i r e c t i o n s  and th e  wide f i e l d  o f  s t r a i n  r e v e a le d  by
. X -ray  topography  i s  found to  be a n i s o t r o p i c ,  b u t  i n  
o p p o s i te  s e n s e s ;  maximum c h ip p in g  i s  a s s o c i a t e d  w i th  
minimum w id th  o f  to p o g ra p h ic  c o n t r a s t ,  b o th  i n
[1 1 2 ] ,  [211] and [1 2 1 ] ,  w h i le  i n  [1 1 2 ] ,  [211] and 
[121] th e  co n v erse  i s  o b se rv ed .
3. A m ajor component o f  th e  lo n g - ra n g e  s t r a i n  f i e l d  
i s  caused  by e l a s t i c  d isp la c e m e n t  p a r a l l e l  to  th e  
s u r f a c e  i n  a d i r e c t i o n  normal to  th e  s c r a t c h  
l e n g th ,  and t h i s  seems to  be a s s o c i a t e d  w i th  a 
system  o f  "chev ron"  c ra c k s  e x te n d in g  from th e  
s c r a t c h  a t  an a c u te  a n g le  to  th e  d i r e c t i o n  o f  
s l i d e r  m o tion .
4 .  C hipping  o ccu rs  a t  a c r i t i c a l  lo a d  which i s  a 
f u n c t i o n  o f  s c r a t c h  d i r e c t i o n .
5 . No ev id en ce  has  been found f o r  p l a s t i c  flow  
o u t s id e  th e  s c r a t c h  g roove .
CHAPTER 4
SCRATCHES IN SILICON SINGLE CRYSTALS AFTER ANNEALING
4 .1  I n t r o d u c t i o n
S i l i c o n  i s  e x t re m e ly  b r i t t l e  a t  room te m p era tu re  and f r a c t u r e s  
by c le a v a g e  a lo n g  th e  {111} p la n e .  G a l la g h e r  (1952) has  found t h a t  
s i n g l e  c r y s t a l s  o f  s i l i c o n  may be p l a s t i c a l l y  deformed a t  e l e v a t e d  
te m p e ra tu re  above 900°C. S l ip  l i n e s  have been  o bse rved  a lo n g  t r a c e s  
o f  (111) p la n e s  as  m igh t be e x p e c te d  from th e  pack ing  in  th e  d iam ond-type  
cu b ic  l a t t i c e .  The a c t u a l  te m p e ra tu re  a t  which p l a s t i c  d e fo rm a t io n  i s  
d e t e c t e d  v a r i e s  w i th  th e  m easuring  te c h n iq u e .
Dash (1956) found t h a t  d i s l o c a t i o n  loops  formed e n t i r e l y  w i th i n  
s i l i c o n  c r y s t a l s  i n  a p a t t e r n  c o n s i s t e n t  w i th  o p e r a t i o n  o f  th e  F ra n k -  
Read mechanism. He u sed  th e  copper d e c o r a t io n  and i n f r a  r e d  t r a n s m is s i o n  
te c h n iq u e s  f o r  s i l i c o n  c r y s t a l s  m e c h a n ic a l ly  deformed a t  1000°C. The 
common d i s l o c a t i o n s  were a  screw  d i s l o c a t i o n  w ith  (111) s l i p  p la n e ,
I [110] B urgers  v e c t o r  and [110] a x i s  and a 60° d i s l o c a t i o n  w i th  (111) 
s l i p  p l a n e ,  | [ 1 1 0 ]  B urgers  v e c t o r  and [101] a x i s .
P e a r s o n ,  Read and Feldman (1957) found t h a t  w h is k e rs  and ro d s  o f  
s i l i c o n  m a t e r i a l  deform p l a s t i c a l l y  above 600°C in  bend ing  t e s t s .
D uring  c r y s t a l  growth and su b se q u en t c o o l in g ,  th e rm a l  s t r e s s e s  due 
to  te m p e ra tu re  g r a d i e n t  may be l a r g e  enough to  cause  d i s l o c a t i o n s  to  be 
n u c l e a te d  as  shown by B i l l i g  (1956) and Penning  (1 9 5 8 ) .
H o rn s t r a  and P enning  (1959) i n v e s t i g a t e d  th e  p l a s t i c  d e fo rm a t io n
j
caused  by r a p id  c o o l in g  o f  l a r g e  s i l i c o n  c y l i n d r i c a l  c r y s t a l s .  The
experim ents  s u g g e s t  t h a t  when th e  c r y s t a l  i s  quenched from abou t 1300°C 
a m ajor p a r t  o f  th e  th e rm al s t r e s s e s  i s  r e l i e v e d  by p l a s t i c  d e fo rm a t io n .
On th e  o th e r  hand , when the  c r y s t a l  i s  quenched from 1150°C th e  s t r a i n s  
a r e  a lm o s t  c o m p le te ly  e l a s t i c .
H o rn s t r a  (1958) made a d e t a i l e d  t h e o r e t i c a l  i n v e s t i g a t i o n  o f  th e  
d i f f e r e n t  a i: ty p e s  ; o f  d i s l o c a t i o n  p o s s i b l e  i n  diamond l a t t i c e  s e m ic o n d u c to rs ,  
and l i s t s  n in e  w i th  §<110> Burgers v e c t o r s .  . <
Lang (1 9 5 9 n ) re p o r te d  t h a t  d i s l o c a t i o n  can be seen  w i th  good c o n t r a s t  
when th e  p ro d u c t  o f  l i n e a r  a b s o r p t io n  c o e f f i c i e n t  y and s l i c e  th i c k n e s s  
t  i s  o f  th e  o rd e r  o f  u n i t y  o r  l e s s .  I f  y t> > l the  c o n t r a s t  i s  r e v e r s e d  
th rough  th e  B o rrm arin e ffee t . From th e  v a r i a t i o n  o f  d i s l o c a t i o n  c o n t r a s t  
w i th  th e  o r i e n t a t i o n  o f  th e  X -ray  r e f l e c t i n g  p la n e  th e  d i r e c t i o n  o f  
B urgers  v e c t o r  can be found .
The v i s i b i l i t y  o f  d i s l o c a t i o n s  i s  s t r o n g ly  in f lu e n c e d  by th e  
d i s p e r s io n  o f  energy  w i th in  th e  c r y s t a l .  The sh a rp n e ss  o f  d i s l o c a t i o n  
images i n  a g iv e n  Bragg r e f l e c t i o n  depends on t h e i r  p o s i t i o n  r e l a t i v e  
to  th e  c r y s t a l  s u r f a c e  upon which th e  X -ray beam i s  i n c i d e n t .  Borrmann, 
H artw ig  and I r m le r  (1 9 5 8 ) ,  G ero ld  and M eier (1 9 5 9 ) ,  I s h i i  (1962) s t a t e  . 
t h a t  a d i s l o c a t i o n  image i s  s h a rp e r  when th e  d i s l o c a t i o n  l i e s  n e a r e r  to  
th e  s u r f a c e  a t  which th e  X -rays  beam le a v e s  th e  c r y s t a l .
J e n k in s o n  and Lang(1962) r e p o r te d  t h a t  d i s l o c a t i o n s  w i th  B urgers  
v e c t o r s  ly in g  i n  th e  Bragg p la n e  a re  term ed " i n v i s i b l e 11. T h is  i s  
s t r i c t l y  t r u e  f o r  a l l  such p la n e s  i n  th e  case  o f  a p u re  screw , b u t  
i n  th e  c a se  o f  a p u re  edge ,  i t  a p p l i e s  to  a s i n g l e  p la n e  o n ly .
D is lo c a t io n  l i n e s  changing  d ep th  w i th in  th e  c r y s t a l  o f t e n  have a 
" d o t t e d "  o r  "b a rb ed "  f r i n g e  to  t h e i r  im ages. I n  th e  case  o f  i n v i s i b l e  
d i s l o c a t i o n s  sometimes o n ly  th e  b a rb s  a p p e a r .  D i s lo c a t io n s  n e a r  th e  
s u r f a c e  o f  e n t r a n c e  o f  the  X -rays  show a shadow o r  t a i l  t h a t  i n c r e a s e s
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t h e i r  o v e r a l l  image w id th  somewhat compared w i th  d i s l o c a t i o n s  n e a r  
th e  e x i t  s u r f a c e ;  a u s e f u l  i n d i c a t o r  o f  d i s l o c a t i o n  d ep th  i n  the  
specim en,. I n  c e r t a i n  o r i e n t a t i o n s  d i s l o c a t i o n s  show a b ro ad  double  
im age. T h is  i s  most n o t i c e a b l e  i n  th e  case  o f  p u re  edge d i s l o c a t i o n s  
ru n n in g  p a r a l l e l  w i th  th e  p la n e  o f  th e  specim en s l i c e  when s een  in  
t h e  r e f l e c t i o n  f o r  which th e  B urgers  v e c t o r  c o in c id e s  w i th  th e  
r e f l e c t i n g  p la n e  norm al.  I n  such c a se s  th e  t o t a l  d i s l o c a t i o n  w id th  
i s  a b o u t  20ym, f o r  o th e r  o r i e n t a t i o n s  th e  image w id th  a v e ra g e s  abou t 
5 yin.
Je n k in s o n  and Lang (1962) c o n s id e re d  t h a t  th e  geom etry  o f  a r e g u l a r  
t e t r a h e d r o n  h e lp s  i n  i d e n t i f i c a t i o n  o f  B urgers  v e c t o r s .  I f  th e  specim en 
s l i c e  be  c u t  p a r a l l e l  to  th e  (111) p la n e  i t  may be i d e n t i f i e d  w i th  th e  
b a s e  o f  th e  t e t r a h e d r o n ,  and th e  p la n e s  (1 1 1 ) ,  (111) and (111) w i th  
th e  pyram id s id e s  o f  th e  t e t r a h e d r o n .  A d i s l o c a t i o n  i n v i s i b l e  i n ,  
say  b o th  r e f l e c t i o n s  111 and 111 has  i t s  B urgers  v e c t o r  p a r a l l e l  to  
th e  edge common to  th e s e  two t e t r a h e d r a l  f a c e s ,  i e .  [ O i l ] .  A 
d i s l o c a t i o n  i n v i s i b l e  i n  o n ly  one o f  th e  th r e e  o c t a h e d r a l  r e f l e c t i o n s  
has  i t s  B urgers  v e c t o r  in  th e  p la n e  o f  th e  specim en, p a r a l l e l  to  th e  
edge common to  th e  t e t r a h e d r o n  b ase  and th e  p a r t i c u l a r  t e t r a h e d r o n  s id e  
c o r re sp o n d in g  to  th e  Bragg r e f l e c t i o n  p l a n e .  Three s t e r e o  p a i r s  
com prised  th e  u s u a l  s e t  o f  topog raphs  ta k e n ,  and th e s e  were amply 
s u f f i c i e n t  f o r  th e  i d e n t i f i c a t i o n  o f  a l l  B urgers  v e c t o r s .  I n  a 
d o d eca h ed ra l  r e f l e c t i o n ,  f o r  exam ple, d i s l o c a t i o n s  w i th  B u rg e rs  v e c t o r s  
making 90° w i th  th e  Bragg p la n e  g iv e  m arked ly  s t r o n g e r  images th a n  
th o s e  w i th  B urgers  v e c to r s '  a t  30° to  th e  p la n e .
A s tu d y  o f  d i s l o c a t i o n s  g e n e ra te d  d u r in g  e p i t a x i a l  grow th o f  
s i l i c o n  was perfo rm ed  by Rai-Choudhury and T akei (1 9 6 9 ) ,  who showed 
t h a t  s t r e s s e s  due to  th e rm al g r a d i e n t s  and m echan ica l  damage a r e
combined to  r e s u l t  i n  th e  g e n e r a t io n  o f  d i s l o c a t i o n s  in  th e  s i l i c o n .
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Gerward (1970) has  r e p o r t e d  t h a t  g e n e r a t io n  o f  d i s l o c a t i o n s  in  
a t h i n  s i l i c o n  s l i c e  was observed  on X -ray  d i f f r a c t i o n  to p o g rap h s  a f t e r  
v a r y in g  quenching c o n d i t io n s *  D i s lo c a t io n  so u rc e s  were p ro v id e d  by 
making s c r a t c h e s  on th e  s u r f a c e  o f  th e  s l i c e .  The d i s l o c a t i o n  loops  
were e m i t t e d  a t  a te m p e ra tu re  o f  1200C when i n t e r n a l  s t r e s s e s  due to  th e  
s c r a t c h e s  were r e l i e v e d  by p l a s t i c  d e fo rm a t io n .  The B urgers  v e c t o r s  
o f  th e  loops  were p a r a l l e l  to  <110> d i r e c t i o n s  in  th e  p la n e  o f  th e  s l i c e .
The p o s i t i o n s  o f  th e  loops  were d e te rm in ed  by "L im ited  P r o j e c t i o n  
Topography". I n  c o n n e c t io n  w i th  h i s  ex p e r im en t dynam ical d i f f r a c t i o n  
images o f  d i s l o c a t i o n  were o b se rv ed .
E ro fe e v ,  N ik i te n k o ,  P o lo v in k in a  and Suvorov (1971) s tu d i e d  th e  
geom etry o f  i s o l a t e d  d i s l o c a t i o n  h a l f  loops  formed in  s i n g l e  c r y s t a l  
s i l i c o n  samples under th e  in f l u e n c e  o f  a s te a d y  e x t e r n a l  lo a d  ( f o u r - p o i n t  
b end ing  c o n d i t io n s )  i n  th e  ran g e  o f  te m p e ra tu re  500°C -  600°C, on th e  
b a s i s  o f  th e  Lang method and a s e l e c t i v e  chem ica l e t c h in g  m ethod. They 
fouqd t h a t  h a l f  loops  ( c l a s s i f i e d  into t h r e e  s e c t io n s )  d is p o s e d  a lo n g  th e  
<110> d i r e c t i o n s  were formed. These may have B urgers  v e c to r s  d i r e c t e d  
a long  th e  [ O i l ]  and [101] d i r e c t i o n s .  The s l i p  p la n e s  w i l l  be th e  two 
l a t e r a l  ( s id e )  f a c e s  o f  th e  t e t r a h e d r o n  (111) and (111) i n  s i l i c o n  
sam ples w i th  (111) o r i e n t a t i o n .
60° d i s l o c a t i o n s  w ith  B urgers  v e c t o r s  b o th  i n c l i n e d  to  and ly i n g  
i n  th e  p la n e  o f  (.111) s i l i c o n  • s l i c e s  have been; o bse rved  b y -Y o sh id a ,  A ra ta  and 
Terunuma ( 1 9 6 8 ) , and by Tanner (1973) in  s i l i c o n  s l i c e s  d i f f u s e d  by 
phosphorus  and Boron.
SchMfer (1967) and Schaumburg (1972) have o b se rv ed  a s h r in k a g e  o f  
h a l f  lo o p s  i n  germanium c r y s t a l s  d u r in g  h e a t  t r e a tm e n t .  But G eorge, 
E sc a ra v a g e ,  Champion and S c h ro te r  (1972) found t h a t  a s t r e s s  o f  6p/mm2
was s u f f i c i e n t  to  keep th e  h a l f  loops  in  t h e i r  p o s i t i o n  f o r  s i l i c o n .  
S t r e s s e s  o f  60p/mm^ le a d  to  a d e t e c t a b l e  m otion  o f  th e  d i s l o c a t i o n  
loops  i n  th e  fo rw ard  d i r e c t i o n .  George e t  a l  (1972) have  m easured 
th e  v e l o c i t i e s  o f  screw  and 60° d i s l o c a t i o n s  i n  s i l i c o n  in  range  
o f  te m p e ra tu re s  betw een 580°C arid 800°C under s t r e s s e s  t be tw een 
0 .1  and 3Kp/mm^. They found t h a t  th e  a c t i v a t i o n  ene rgy  f o r  th e  
movement o f  60° d i s l o c a t i o n s  i s  s t r e s s  dependen t i n  th e  whole s t r e s s ,  
r a n g e .
George e t  a l  (1973) c a r r i e d  o u t  ex p e r im en ts  f o r  s c r a t c h i n g  s i l i c o n
s l i c e s  under a s t r e s s  o f  4Kg/mm2 f o r  tw enty  m in u tes  by u s in g  a diamond
n e e d le .  H a lf  lo o p s  o f  s i n g l e  d i s l o c a t i o n s  were in t ro d u c e d  and expanded
from a s c r a t c h  a t  a te m p e ra tu re  o f  650°C. The s i z e  o f  loops  was a b o u t
300ym. A f te r  loop  n u c l e a t i o n  a sample cou ld  be lo a d ed  s e v e r a l  t i m e s .
D uring  th e  h e a t in g  and c o o l in g  p e r io d s ,  th e  sample was k e p t  i n  h ig h
2vacuum and s u b m it te d  to  a r e s i d u a l  s t r e s s  o f  a few gm/mm , which was 
enough to  p r e v e n t  d i s l o c a t i o n  s h r in k a g e  a t  h ig h  te m p e ra tu r e .  They 
conc luded  t h a t  an asym m etric developm ent o f  h a l f  lo o p s  o c c u rs  w i th  two 
em ergen t 60° d i s l o c a t i o n s .  This  asymmetry ap p e a rs  to  be  c o n n ec ted  w i th  
d i s l o c a t i o n  c l im b .
G e r u t t i  and Ghezzi (1973) have o b se rv ed  th e  g e n e r a t io n  o f  d i s l o c a t i o n  
loops  a t  th e  s c r i b i n g  l i n e s  induced  a t  s im p le  p l a n a r  s t r u c t u r e s  i n  
s i l i c o n .  A lso  th e y  examined th e  B urgers  v e c t o r s  o f  i n d i v i d u a l  d i s l o c a t i o n s  
and concluded  t h a t  th e  d i s l o c a t i o n s  were o f  60° ty p e  w i th  B urgers  
v e c t o r s  o f  <110> d i r e c t i o n s  b o th  p a r a l l e l  and i n c l i n e d  to  th e  s u r f a c e .
T h is  r e s u l t  was in  agreem ent w i th  th e  B urgers  v e c t o r s  o f  th e  d i s l o c a t i o n  
loops  ob se rv ed  a t  p -n  e p i t a x i a l  j u n c t i o n s  a f t e r  h e a t i n g  a t  1080°C. The 
d i s l o c a t i o n s  were a s c r ib e d  to  p l a s t i c  r e l a x a t i o n  o f  th e  s t r e s s  f i e l d  w hich 
was p r e s e n t  n e a r  th e  e p i t a x i a l  j u n c t i o n  owing to  th e  sh a rp  g r a d i e n t  
o f  th e  im p u r i ty  c o n c e n t r a t i o n .
Eremenko and N ik i te n k o  (1972) have i n v e s t i g a t e d  s p e c i f i c  f e a t u r e s  
o f  th e  d i s l o c a t i o n  s t r u c t u r e ,  o c c u r in g  in  th e  v i c i n i t y  o f  in d e n ta t i o n s  
u s in g  s i l i c o n  s i n g l e  c r y s t a l s  under d i f f e r e n t  c o n d i t io n s  o f  d e fo rm a t io n  
( a t  te m p e ra tu re s  o f  20° to  700°C and lo a d in g  o f  0 .5  to  10 p ) . They found 
t h a t  e l e c t r o n  m icroscopy  r e v e a l s  p r i s m a t i c  d i s l o c a t i o n  lo o p s  a t  d e fo rm a t io n  
te m p e ra tu re s  above 350°C. The d i s l o c a t i o n  s t r u c t u r e  o c c u r in g  b e n e a th  
th e  i n d e n t e r  d i f f e r s  from t h a t  w i th i n  th e  b r i t t l e  f r a c t u r e  te m p e ra tu re  
ran g e  (20° to  350°C). I t s  c h a r a c t e r i s t i c  f e a t u r e  i s  th e  ap p ea ran ce  o f  
p r i s m a t i c  d i s l o c a t i o n  h a l f  lo o p s  ly in g  i n  a t h i n  s u r f a c e  l a y e r .  The g l i d e  
p la n e  o f  th e s e  h a l f  loops  i s  a  p r is m  c o n s i s t i n g  o f  a p a i r  o f  i n c l i n e d  
p a r a l l e l  {111} p l a n e s .  The B u rg ers  v e c t o r  o f  th e s e  h a l f  lo o p s  i s  p a r a l l e l  
to  th e  p r i s m  a x i s  and to  th e  c r y s t a l l o g r a p h i c  d i r e c t i o n  <110> ly in g  in  
th e  specim en p la n e .
Ghezzi and S e r v id o r i  (1974) r e p o r t e d  t h a t  X -ray  topog raphy  was employed 
in  o r d e r  to  s tu d y  th e  n u c l e a t i o n  o f  d i s l o c a t i o n  l i n e s  a t  s u r f a c e  h e t e r o ­
g e n e i t i e s  i n  (111) s i l i c o n  d u r in g  phosphorus  d i f f u s i o n .  They o b se rv ed  
s t a r - l i k e  p a t t e r n s  o f  60° d i s l o c a t i o n s  n u c l e a t e d . a t  phosphorus  d e c o ra te d  
s u r f a c e  d e f e c t s ,  and th e s e  were p roved  to  be l o c a l i s e d  w i t h i n  th e  d i f f u s e d  
l a y e r .  They conc luded  t h a t  th e  d i s l o c a t i o n  l i n e s  and t h e i r  B u rge rs  
v e c t o r s  were p a r a l l e l  to  th e  <110> d i r e c t i o n s  i n  th e  (111) p l a n e ,  th e  
d i s l o c a t i o n s  b e in g  o f  60° t y p e . -
H i l l  and R o w c li f fe  (1974) s tu d ie d  th e  d i s l o c a t i o n  a rran g em en ts  
p roduced  around m ic ro h a rd n ess  i n d e n t a t i o n s  i n  s i l i c o n  a t  room te m p e ra tu re  by 
t r a n s m is s io n  e l e c t r o n  m icroscopy . They found t h a t  lo o p s  c o n s i s t i n g  o f  3 0 ° -  
and 6 0 ° -  d i s l o c a t i o n s  were p roduced  and moved on th e  {111} p l a n e s .  On 
a n n e a l in g  up to  1030°C th e  lo o p s  do n o t  ap p ea r  to  be m o b i le ,  r a t h e r  new 
loops  c o n s i s t i n g  o f  edge and screw  components were formed w hich can  move 
l a r g e  d i s t a n c e s .  They conc luded  t h a t  m ic ro h a rd n ess  i n d e n t a t i o n  o f  s i l i c o n  
a t  room te m p e ra tu re  and 300°C p roduces  o n ly  s h e a r  d i s l o c a t i o n  lo o p s  w hich 
l i e  on {111} p la n e s  and have [011] B u rg e rs  v e c t o r s .
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- Gerk(1975) has  r e p o r te d '  t h a t  te m p e ra tu re  and tim e measurements a re  
d ependen t on g l i d e  p r o c e s s ,  f o r  in d e n ta t i o n s  made on germanium c r y s t a l s  
by a  V ic k e rs  m ic ro h a rd n e ss  i n d e n t e r .  The .h igh  te m p e ra tu re  h a rd n e s s  o f  
germanium e x h i b i t s  a s t r o n g  tim e dependence. The p ro c e s s  o f  i n d e n t in g  a 
germanium s u r f a c e  i s  th e  r e s u l t  o f  two mechanisms. An i n i t i a l  t im e -  
in d e p e n d e n t ,  r e l a t i v e l y  te m p e ra tu re - in d e p e n d e n t  p ro c e s s  forms a ze ro  tim e 
i n d e n t a t i o n .  A s t r o n g ly  te m p e ra tu re -d e p e n d e n t  i n d e n t a t i o n  c ree p  o c c u r re d  
which f u r t h e r  e n l a r g e s  th e  m ic ro h a rd n ess  i n d e n t a t i o n .  He conc luded  t h a t  
th e  i n i t i a l ,  z e ro  tim e i n d e n t a t i o n  may be due to  e i t h e r  ( i )  th e  s e m ic o n d u c to rs  
to -m e ta l  phase  t r a n s f o r m a t io n  as a r e s u l t  o f  th e  h ig h  h y d r o s t a t i c  p r e s s u r e  
under th e  i n d e n t e r ,  o r  ( i i ) a  th e rm a l m otion  o f  d i s l o c a t i o n s  o ve r  th e  P e i e r l s  
b a r r i e r  as  a r e s u l t  o f  th e  h ig h  s h e a r  s t r e s s  n e a r  the  i n d e n t e r .
Evans (1976) has r e p o r t e d  t h a t  diamond c r y s t a l s  show e v id en ce  o f  p l a s t i c  
d e fo rm a tio n  a t  h ig h  te m p e ra tu r e s ,  s in c e  a t  room te m p e ra tu re  diamond i s  an* 
ex tre m e ly  h a rd  and b r i t t l e  s o l i d  in  which v e ry  l i t t l e  o r  no p l a s t i c  d e fo rm a t io n  
i s  p o s s i b l e .  Germanium and s i l i c o n  a r e  two e lem en ts  w i th  th e  same c r y s t a l  
s t r u c t u r e  as  diamond. They a l s o  a r e  b r i t t l e  m a t e r i a l s  a t  room te m p e ra tu re  
and become i n c r e a s i n g l y  d u c t i l e  as  th e  te m p e ra tu re  i s  r a i s e d .  It h a s  b een  
found t h a t  a t  ab o u t  0 .45Tm (where Tfn i s  th e  m e l t in g  t e m p e r a tu r e ) ,  Ge and S i 
show a  l im ite d  amount o f  p l a s t i c  d e fo rm a t io n  which i s  accom panied by 
c r a c k in g .  Above ab o u t 0.6Tm th e y  show f u l l y  p l a s t i c  b e h a v io u r  w i th o u t  
c r a c k in g .  Evans (1976) n o te d  t h a t  one can n o t  u se  th e s e  c r i t e r i a  f o r  th e  
p l a s t i c  p r o p e r t i e s  o f  diamond s in c e  diamond changes to  g r a p h i t e  above 1500°C 
and so no m e l t in g  te m p e ra tu re  can be r e a d i l y  a s s ig n e d  to  diamond. He c a r r i e d  
o u t e x p e r im en ts  to  s tu d y  the  p l a s t i c  d e fo rm a t io n  in  diamond a t  1800°C f o r  
30 m in u te s ,  u s in g  a diamond p l a t e  o f  ab o u t  6 x 3 x 0.5mm in  d im e n s io n s .  A 
diamond p l a t e  was p la c e d  on two p a r a l l e l  tu n g s te n  wedges and a b e n d in g  moment 
was imposed by low ering  from above a t h i r d  tu n g s te n  wedge midway be tw een  th e  
two s u p p o r t in g  wedges. The b end ing  a p p a ra tu s  was p la c e d  in  a  fu rn a c e  th ro u g h  
which a flow  o f  p u r i f i e d  a rgon  was p as se d  to  p r e v e n t  o x i d a t i o n  o f  th e  diamond.
A bend ing  s t r e s s  was imposed a t  1800UC f o r  30 m in u te s .  Evans (1976) found 
t h a t  p l a s t i c  d e fo rm a t io n  o c c u r re d  n e a r  th e  c e n t r a l  wedge by th e  c r e a t i o n  
and m otion  o f  th e  d i s l o c a t i o n s  i n  deformed r e g io n s  which have been  th in n e d  
s u f f i c i e n t l y  f o r  e x a m in a t io n  by e l e c t r o n  m icroscopy . A lso  he found t h a t  th e  
te m p e ra tu re  r e g io n  where a  diamond lo s e s  th e  p l a s t i c  b e h a v io u r  and shows 
p r i m a r i l y  b r i t t l e  b e h a v io u r  i s  around 1500°C to  1600°C.
4 .2  E x p e r im en ta l  R e s u l t s  o f  S i l i c o n  C r y s t a l s  Grown by th e  C z o c h ra ls k i
Method
4 .2 .1  A nnealed S c ra tc h e s  on Near (111) I n t r i n s i c  S i l i c o n  S l i c e s
E ig .  4 .1 ( a )  shows a p r o j e c t i o n  topog raph  o f  a s c r a t c h  made p a r a l l e l  
to  th e  [112]  d i r e c t i o n ,  u s in g  a diamond s t y l u s  n e e d le  in  th e  form o f  a 
cone o f  60° an g le  w i th  a round t i p  o f  13 ym r a d i u s ,  lo ad ed  to  50gm, th e n  
an n ea led  a t  800°C f o r  one hour i n  p u re  a rgon  a tm osphere .  The topog raph  
was ta k e n  i n  th e  220 r e f l e c t i o n  in  MoKcx^  r a d i a t i o n .  The r e c i p r o c a l  l a t t i c e  
v e c t o r  g i s  normal to  th e  s c r a t c h  l e n g th .  The t y p i c a l  c o n t r a s t  i s  a b o u t 
160 ym b ro ad  c o n s i s t i n g  o f  two ro u g h ly  sym m etr ica l bands o f  b la c k e n in g  
s e p a r a t e d  by a narrow  band o f  minimum c o n t r a s t .  This  c o n t r a s t  s u g g e s ts  
t h a t  th e  s t r a i n  f i e l d  i s  s i m i l a r  to  th e  s u r f a c e  com press ion  s t r e s s  a round  
diamond a b r a s io n  on diamond s u r f a c e s ,  i n v e s t i g a t e d  by F rank  e t  a l .  (1 9 6 7 ) ,  
and around s c r a t c h e s  on n e a r  (111) s i l i c o n  s u r f a c e s  b e f o r e  a n n e a l in g ,  
i n v e s t i g a t e d  by B a d r ic k ,  E ld e g h a id y ,  P u t t i c k  and Shahid  (1 9 7 7 ) .
F u r th e r  a n n e a l in g  ex p er im en ts  were c a r r i e d  o u t  on th e  same s c r a t c h
s u r f a c e  a t  900°C and 1000°C f o r  a p e r io d  o f  one hour in  p u re  a rgon
a tm o sp h ere .  I t  was ob se rv ed  t h a t  th e  c o n t r a s t  and th e  w id th  o f  th e
s t r a i n  f i e l d  o f  th e  s c r a t c h  s l i g h t l y  d e c re a se d  w i th  i n c r e a s i n g  th e
a n n e a l in g  te m p e ra tu re  and some changes co u ld  a l s o  be s e e n  i n  th e  r im
o f  th e  c o n t r a s t .  The absence  o f  d i s l o c a t i o n  .g l id e  i n  th e  s u r f a c e
o oo f  th e  a n n ea led  s c r a t c h  fo l lo w in g  th e  a n n e a l in g  a t  900 C and 1000 C 
r e s p e c t i v e l y ,  and th e  p re s e n c e  o f  background c o n t r a s t  as  shown i n .
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Fig. 4.1 Transmission X-ray
topographs of a scratch 
parallel to the [112] 
direction, made on near 
(111) intrinsic silicon 
surface using a diamond 
stylus in the form of a 
cone of 60° angle, loaded 
to 50 gm, the scratch 
annealed for one hour, 
at (a) 800°C (b) 900°C 
and (c) 1000°C. 220
reflection in MoKcq 
radiation, x 48.
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F ig s  4 .1 (b )  and 4 .1 ( c )  su g g e s te d  t h a t  f u r t h e r  a n n e a l in g  e x p e r im en ts  
were r e q u i r e d  on s l i c e s  w i th  d i f f e r e n t  dop ing  l e v e l s  o f  Antimony 
and P hosphorus .  • .
4 . 2 . 2  A nnealed S c ra tc h e s  on Near (111) S i l i c o n  S l i c e s  H e a v ily  
Doped w i th  Antimony
F ig .  4 .2 ( a )  shows a p r o j e c t i o n  to p o g ra p h -o f  an u n an n ea led  
s c r a t c h  made p a r a l l e l  to  th e  [112] d i r e c t i o n ,  u s in g  th e  same diamond 
s t y l u s  as  used  i n  th e  p re v io u s  e x p e r im en t ,  i n  i n t r i n s i c  s i l i c o n  s l i c e s ,  
withi th e  same lo a d  50 gm. The s l i c e  was e t c h e d ,  as  d e s c r ib e d  i n  
C hap ter  2, to  remove a t  l e a s t  20 ym from each  s u r f a c e ,  th u s  removing 
r e s i d u a l  sawing damage. The topograph  was ta k e n  in  th e  2.20 r e f l e c t i o n  i n  
MoKoi], r a d i a t i o n .  The r e c i p r o c a l  l a t t i c e  v e c t o r  g i s  norm al to  th e  
s c r a t c h  leng th ,,  The t y p i c a l  c o n t r a s t  i s  abou t 400 ym b road  c o n s i s t i n g  
o f  two bands s e p a ra te d  by a narrow  band o f  minimum c o n t r a s t .  U n f o r tu n a te ly  
th e  b la c k e n in g  c o n t r a s t  o f  th e  two bands i s  n o t  sy m m e tr ica l ,  as  e x p ec ted  
i n  F ig .  4 .1 ;  t h i s  i s  due to  th e  c r y s t a l  b end ing  d u r in g  s c r a t c h i n g .
F ig .  4 .2 (b )  shows th e  same s c r a t c h  as  i n  (a) a f t e r  b e in g  a n n e a le d  
a t  1000°C f o r  one hour i n  p u re  a rgon  a tm osphere .  The p r o j e c t i o n  to p o ­
g raph  i s  ta k e n  i n  th e  220 r e f l e c t i o n .  I t  i s  n o t i c e a b l e  t h a t  th e  
a n n e a le d  s c r a t c h  has sym m etrica l c o n t r a s t  and th e  w id th  o f  th e  s t r a i n  
f i e l d  i s  s l i g h t l y  re d u c e d .  The an n ea led  s c r a t c h  h as  s t a r t e d  to  g e n e r a te  
d i s l o c a t i o n s  b u t  th e y  a r e  n o t  f u l l y  r e s o lv e d .  The number o f  heavy 
i r r e g u l a r  d i s l o c a t i o n s  and th e  i n t e n s i t y  o f  th e  s p o t ty  background have 
in c re a s e d  and covered  th e  whole s u r f a c e  around th e  s c r a t c h  f o l lo w in g  
th e  a n n e a l in g  a t  1000°C.
A f te r  a n n e a l in g  a t  1100°C and 1200°C r e s p e c t i v e l y ,  th e  an n e a le d  
s c r a t c h  h as  g e n e ra te d  o n ly  a  l i m i t e d  amount o f  d i s l o c a t i o n  g l i d e  
c l o s e  to  th e  s u r f a c e  normal to  th e  s c r a t c h  l e n g th .  However, two 
com ple te  loops  o f  d i s l o c a t i o n  a r e  o b se rv ed  as  shown in  F igs 4-.2(c) 
and 4 . 2 ( d ) •
The c o n t r a s t  o f  th e  s p o t ty  background and o f  th e  heavy i r r e g u l a r  
d i s l o c a t i o n s  became d a rk e r  f o l lo w in g  th e  a n n e a l in g  a t  1100°C and 1200°C 
r e s p e c t i v e l y ,  s u g g e s t in g  t h a t  p r e c i p i t a t i o n  has  o c c u r re d  p o s s i b l y  o f  
oxygen o r  ca rb o n .
The two com plete  lo o p s  o f  d i s l o c a t i o n  g e n e ra te d  from th e  an n e a le d  
s c r a t c h  a f t e r  a n n e a l in g  a t  1100°C and 1200°C show l i t t l e  change in  
t h i s  d i s l o c a t i o n  c o n f ig u r a t io n  which i s  c o n s i s t e n t  w i th  th e  p r e d i c t i o n  
o f  th e  t h e o r e t i c a l  model d e s c r ib e d  i n  C hap ter  5 .
F ig .  4 .3 ( a )  shows a p r o j e c t i o n  to p o g ra p h  o f  an  u n an n e a le d  s c r a t c h  
p a r a l l e l  to  th e  [110] d i r e c t i o n ,  made on n e a r  (111) s i l i c o n  s u r f a c e ,  
u s in g  a  diamond s t y l u s  n e e d le  i n  th e  form o f  a cone o f  60° a n g le  lo a d ed  
to  50 gm, a s  used  i n  F ig .  4 . 2 .  The topo g rap h  was ta k e n  in  220 r e f l e c t i o n ,  
MoKa-  ^ r a d i a t i o n ,  so t h a t  th e  r e c i p r o c a l  l a t t i c e  y e c t o r  g i s  p a r a l l e l  
to  th e  s c r a t c h  l e n g th .  The c o n t r a s t  o f  th e  s t r a i n  f i e l d  o f  t h e  s c r a t c h  
p a r a l l e l  to  th e  [110] d i r e c t i o n  i s  d i f f e r e n t  from th e  c o n t r a s t  o f  t h e  
s t r a i n  f i e l d  o f  th e  s c r a t c h  p a r a l l e l  to  th e  [112] d i r e c t i o n  a s  shown 
in  F ig .  4 . 2 ( a ) .
The w id th  o f  th e  s t r a i n  f i e l d  o f  th e  s c r a t c h  p a r a l l e l  to  th e  [110 ]  
d i r e c t i o n  was l e s s  th an  h a l f  th e  w id th  o f  th e  s t r a i n  f i e l d  o f  th e  
s c r a t c h  p a r a l l e l  to  th e  [TT2] d i r e c t i o n .  The s t r u c t u r e  and th e  
c o n t r a s t  appea red  more c o m p lic a te d ,  w i th  no w e l l - d e f in e d .b a n d  o f  minimum
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Fig. 4.2 Transmission X-ray topographs of a scratch parallel to 
the [112] direction, made on near (111) silicon surface. 
Antimony doped, using a diamond stylus in the form of a 
cone of 60° angle, loaded to 50 gm, (a) unannealed scratch, 
(b), (c) and (d) the same scratch as shown in (a) but an­
nealed at 1000°C, 1100°C and 1200°C respectively, for one 
hour. 220 reflection in MoKct^ radiation, x 48.
Fig. 4.3
(d) (c)
Transmission X-ray topographs of a scratch parallel to the 
[110] direction, made on near (111) silicon surface, Antimony 
doped, using a diamond stylus in the form of a cone of 60° 
angle, loaded to 50 gm, (a) unannealed scratch, (b), (c) and 
(d) the same scratch as shown in (a) but annealed at 1000°C, 
1100°C and 1200°C respectively, for one hour. 220 reflection 
in MoKa^ radiation, x 48.
c o n t r a s t .  I r r e g u l a r  d i s l o c a t i o n s  appeared  c lo s e  to  th e  s u r f a c e  b e fo re  
th e  a n n e a l in g  p r o c e s s .  F ig .  4 .3 (b )  shows th e  p r o j e c t i o n  o f  th e  same 
s c r a t c h  as  shown i n  F ig .  4 . 3 ( a ) ,  b u t  a f t e r  a n n e a l in g  a t  1000°C f o r  
one ho u r  i n  p u re  a rgon  a tm osphere .  The topograph  was ta k e n  i n  th e  220 
r e f l e c t i o n ,  MoKaj r a d i a t i o n .  The a n n ea led  s c r a t c h  h as  g e n e ra te d  
d i s l o c a t i o n  g l i d e  c lo s e  to  th e  s u r f a c e  from b o th  s id e s  normal " to  th e  
s c r a t c h  l e n g th ,  one s id e  o f  th e  s c r a t c h  h as  g en e ra ted ,  long  com ple te
is
lo o p s  o f  d i s l o c a t i o n ,  b u t  th e  o th e r  s id e  has  g e n e ra te d  s h o r t  in c o m p le te  
lo o p s  o f  d i s l o c a t i o n .
However, th e  most s t r i k i n g  f e a t u r e  o f  F ig s  4 .3 ( c )  and 4 . 3 ( d ) ,  
f o l lo w in g  th e  a n n e a l in g  a t  1100°C and 1200°C r e s p e c t i v e l y ,  i s  th e  
p re s e n c e  o f  more long  com plete  loops  o f  d i s l o c a t i o n  a p p a r e n t ly  ly i n g  
in  th e  s l i p  p la n e  normal to  th e  l e n g th  o f  th e  a n n e a le d  s c r a t c h  and 
p a r a l l e l ,  to  th e  s u r f a c e .
The d e n s i t y  o f  i r r e g u l a r  d i s l o c a t i o n s  and th e  i n t e n s i t y  o f  th e  
s p o t ty  background have in c r e a s e d  and masked th e  p re s e n c e  o f  th e  
d i s l o c a t i o n s  g e n e ra te d  by th e  a n n ea led  s c r a t c h  fo l lo w in g  th e  a n n e a l in g  
te m p e ra tu re s  a t  1000°C, 1100°C and 1200°C r e s p e c t i v e l y .  The p r e s e n c e  
o f  saw damage fo l lo w in g  th e  a n n e a l in g  a t  1200°C i s  i n t e r e s t i n g  in  
i t s e l f  and i s  d i s c u s s e d  i n  Appendix 2.
4 .3  E x p e r im en ta l  R e s u l t s  o f  S i l i c o n  C r y s t a l s  grown by th e  F lo a t in g -Z o n e  
Method
4 .3 .1  Annealed S h o r t  S c ra tc h e s  on Near (111) S i l i c o n  S l i c e s  L i g h t l y  
Doped w ith  Phosphorus
Specimens were p re p a re d  from s l i c e s  o f  s i l i c o n  c r y s t a l s  grown by 
th e  F lo a t in g -z o n e  method, l i g h t l y  doped w ith  p h o sp h o ru s ,  d i s l o c a t i o n  
f r e e ,  saw damage f r e e .  The s l i c e s  were r e c e iv e d  in  th e  form o f  s t a n d a r d
i n d u s t r i a l  s u b s t r a t e s .  The w orking s u r f a c e  had been  c h e m ic a l ly “m e c h a n ic a l ly
p o l i s h e d  and th e  o th e r  s u r f a c e  had been  e t c h - p o l i s h e d .  The s l i c e s  were 
190pm th i c k  and w i th  ..a nom inal r e s i s t i v i t y  o f  8ftcm. No s u r f a c e  t r e a tm e n t  
was g iv e n  to  th e  s l i c e s  p r i o r  to  use  as  d e s c r ib e d  in  C hap te r  2.
The specim ens were s c r a tc h e d  in  the  <110> and <112> d i r e c t i o n s .
The s c r a t c h e s  were made by a V ic k e rs  diamond pyram id load ed  to  50gm, f o r  
a s h o r t  l e n g th  and th e n  an n e a le d  over th e  te m p e ra tu re  ran g e  1000°-1200°C 
f o r  30 m in u te s  i n  p u re  a rgon  a tm osphere .  The to pog raphs  were ta k e n  in  
d i f f e r e n t  r e f l e c t i o n s  i n  MoKai r a d i a t i o n .
The c o n t r a s t  o f  th e  s t r a i n  f i e l d s  o f  a p a i r  o f  s h o r t  s c r a t c h e s  
p a r a l l e l  to  th e  [110] and [110] d i r e c t i o n s ,  a f t e r  a n n e a l in g  a t  1100°C f o r  
30 m in u te s  a re  sy m m e tr ica l;  h e re  th e  r e c i p r o c a l  l a t t i c e  v e c t o r  g i s  
p a r a l l e l  to  th e  s c r a t c h  l e n g th  as  shown i n  F ig .  4 .4 .  T h is  i s  s i m i l a r  
to  a p a i r  o f  s c r a t c h e s  p a r a l l e l  to  <110> b e fo re  a n n e a l in g  as  d i s c u s s e d  
i n  C h ap te r  3.
The a n n ea led  s c r a t c h  p a r a l l e l  to  th e  [110] d i r e c t i o n  has  g e n e ra te d  
a f i n i t e  number o f  com plete  and in co m p le te  loops  o f  d i s l o c a t i o n  from 
b o th  s id e s  o f  th e  an n ea led  s c r a t c h .  The an n e a le d  s c r a t c h  p a r a l l e l  t o  th e
[110] d i r e c t i o n  has  g e n e ra te d  in co m p le te  d i s l o c a t i o n  loops  from one s id e  
o n ly .  I n  th e  220 r e f l e c t i o n ,  i t  was o b se rv ed  t h a t  some o f  th e  in c o m p le te  
d i s l o c a t i o n  loops  g e n e ra te d  from b o th  s c r a t c h e s  show some d i f f e r e n c e  in  
th e  c o n t ra s . t  o f  th e  d i s l o c a t i o n  im ages. These type  o f  d i s l o c a t i o n s  a r e  
i n v i s i b l e  in  th e  111 r e f l e c t i o n .  They a r e  m a in ly  loops  i n t e r s e c t i n g  th e  
s u r f a c e  and t h e r e f o r e  p resum ably  ly in g  i n  s l i p  p la n e s  i n c l i n e d  to  i t .
I t  was o b se rved  t h a t  a dense  d i s t r i b u t i o n  o f  c o n t r a s t  c e n t r e s  co v e re d  
th e  s u r f a c e  a f t e r  a n n e a l in g  a t  1000°C f o r  30 m i n u t e s , ( n o t  in c lu d e d  i n  th e s e  
s e r i e s  o f  topog raphs  b u t  d em o n s tra ted  i n  o th e r  to p o g ra p h s ,  see  b e lo w ) .
These c o n t r a s t  c e n t r e s  a re  s i m i l a r  to  the  o b s e r v a t io n  o f  th e  s p o t t y
background i n  th e  s l i c e s  doped w i th  antimony a f t e r  a n n e a l in g  a t  1000°C 
up to  1200°C f o r  one hour as  shown in  F ig s  4 .2  and 4 . 3 .  There i s  an 
i n c r e a s e  i n  d e n s i t y  o f  c o n t r a s t  c e n t r e s  a f t e r  a n n e a l in g  a t  1100°C f o r
v
30 m in u te s  as  shown in  F ig s  4 .4  and 4 .5 .  T he ' s t r u c tu r e  o f  c o n t r a s t  o f  
r e s i d u a l  sawing damage i s  a l s o  s e e n ,  i t  c o n s i s t s  o f  two ro u g h ly  sym m etr ica l  
r e g io n s  o f  d a rk e n in g  abou t a l i n e  o f  ze ro  c o n t r a s t .  T h is  s t r u c t u r e  and 
the  p re s e n c e  o f  c o n t r a s t  c e n t r e s  a r e  d i s c u s s e d  l a t e r  (s e e  below) .
i s  -
F ig s  4 .6  and 4 .7  show th e  same p a i r  o f  th e  a n n e a le d  s c r a t c h e s  as  
shown i n  F ig s  4 .4  and 4 .5 ,  a f t e r  th e y  had been  r e a n n e a le d  a t  1200°C 
f o r  30 m in u te s  i n  p u re  a rgon  a tm osphere .  I t  was n o t i c e d  t h a t  t h e r e  a r e  
two i n t e r e s t i n g  a s p e c t s :  f i r s t ,  th e  e f f e c t  o f  th e  p re s e n c e  o f  th e  r e s i d u a l  
saw damage and th e  d i s t r i b u t i o n  o f  c o n t r a s t  c e n t r e s  ( d e t e c t a b l e  i n  th e
topog raphs  as  shown in  F ig s  4 .4  and 4 .5 )  p e r s i s t e d  up to  1100°C. But
•  o •a f t e r  a n n e a l in g  a t  1200 C, a l l  t r a c e s  o f  b o th  have been  removed. Second,
most o f  th e  d i s l o c a t i o n s  g e n e ra te d  from th e  an n ea led  s c r a t c h e s  moved away
from t h e i r  p o s i t i o n s ;  i n  a d d i t i o n  th e  movement o f  new d i s l o c a t i o n s  p ro b a b ly
g e n e ra te d  from a so u rce  a t  th e  s u r f a c e ,  changed th e  c o n f i g u r a t i o n  o f  th e
com plete  and in co m p le te  loop o f  d i s l o c a t i o n  g e n e ra te d  from th e  s c r a t c h e s .
The im p o r ta n t  f e a t u r e s  o f  F ig s  4 .8  and 4 .9  a r e ,  f i r s t  t h a t  th e  
a n i s o t r o p y  o bse rved  in  th e  c o n t r a s t  o f  th e  s t r a i n  f i e l d s  o f  s c r a t c h e s  
made i n  th e  <112> d i r e c t i o n s  a f t e r  a n n e a l in g  i s  s i m i l a r  to  a p a i r  o f  th e  
same type  o f  s c r a tc h e s  b e fo re  a n n e a l in g  as  d i s c u s s e d  in  C h ap te r  3 . S eco n d ly ,  
t h a t  th e  n a t u r e  o f  th e  wide s t r a i n  f i e l d  o f  th e  s c r a t c h  p a r a l l e l  to  th e  
[211] d i r e c t i o n  i s  r e f l e c t e d  in  th e  e x t e n t  o f  th e  d i s l o c a t i o n  g l i d e .  The 
g r e a t e s t  e x t e n t  o f  d i s l o c a t i o n  movement i s  th e  g l i d e  norma‘1 to  th e  s c r a t c h ' l e n g t h  
and p a r a l l e l  to  th e  s u r f  ace by th e  movement o f  long  loop o f  d i s l o c a t i o n  ly i n g  
in  th e  (111) p la n e .  T h is  o cc u rs  from [1 1 2 ] ,  [211]  and [121]  a n n e a le d  
s c r a t c h e s ,  w h ile  th e  movement o f  s h o r t  in c o m p le te  loop: o f  d i s l o c a t i o n  o c c u rs
Fig. 4.4 Transmission X-ray topographs of a pair of scratches 
parallel to the [110] and [110] directions, made on 
near (111) silicon surface, phosphorus doped, using 
Vickers diamond pyramid loaded to 50 gm, the scratches 
annealed at 1100°C for 30 minutes, 220 reflection in 
MoKa^ radiation, x 48.
Fig. 4.5 Tranmission X-ray topographs of the same pair of 
scratches as shown in Fig. 4.4, 111 reflection in 
MoKa^ radiation, x 48.
Fig. 4.6 Transmission X-ray topographs of the same pair of
scratches as shown in Figs. 4.4 and_4.5, the scratches 
annealed at 1200°C for 30 minutes, 220 reflection in 
MoKa^ radiation, x 48.
Fig. 4.7 Tranmission X-ray topographs of the same pair of 
scratches as shown in Figs. 4.4, 4.5 and 4.6, the 
scratches annealed at 1200°C for 30 minutes, 111 
reflection in MoKa-^ radiation, x 48.
Fig. 4.8 Tranmission X-ray topographs of a pair of scratches 
parallel to the [211] and [211] directions, made on 
near (111) silicon surface, phosphorus doped, using 
Vickers diamond pyramid loaded to 50_gm, the scratches 
annealed at 1100°C for 30 minutes, 220 reflection in 
MoKai radiation, x 48.
F i g .  4 . 9  Transm iss ion  X-ray topographs  o f  the  same p a i r  o f
s c r a t c h e s  as  shown i n  F i g .  4 . 8 ,  111 r e f l e c t i o n  i n
MoKaj r a d i a t i o n ,  x 48.
Fig. 4.10 Transmission X-ray topographs of the same pair of 
scratches as shown in Figs. 4.8 and 4.9, the 
scratches annealed at 1200°C for 30 minutes, 220 
reflection in MoKa^ radiation, x 48.
Fig. 4.11 Transmission X-ray topographs of the same pair of 
scratches as shown in Figs. 4.8, 4.9 and 4.10, the 
scratches annealed at 1200°C for 30 minutes, 111 
reflection in MoKa^ radiation, x 48.
on ly  from [1 1 2 ] ,  [211] and [121]  an n ea led  s c r a tc h e s  which have narrow  
s t r a i n  f i e l d s .
The p re s e n c e  was n o t i c e d  o f  r e s i d u a l  sawing damage c o n s i s t i n g  o f  two 
ro u g h ly  sy m m etr ica l r e g io n s  o f  d a rk e n in g  abou t a l i n e  o f  ze ro  c o n t r a s t ,  
and th e  c o n t r a s t  c e n t r e s  a r e  s i m i l a r  to  th o se  observed  in  F ig s  4 .4  and 
4 .5  f o l lo w in g  th e  a n n e a l in g  te m p e ra tu re  a t  1100°C f o r  30 m in u te s .
F ig s  4 .1 0  and 4 .11  show th e  same p a i r  o f  an n ea led  s c r a t c h e s  a s  shown 
in  F ig s  4 .8  and 4 .9 ,  a f t e r  th e y  had been r e a n n e a le d  a t  1200°C f o r  30 m in u te s  
i n  p u re  a rgon  a tm osphere .  Again i t  was found t h a t  th e  r e s i d u a l  saw ing 
damage and c o n t r a s t  c e n t r e s  d i s a p p e a re d  a f t e r  a n n e a l in g  a t  1200°C, and 
th e  movement o f  new d i s l o c a t i o n s  which covered  th e  s u r fa c e /w a s  o b s e rv e d .
The r e s u l t s  o f  e x p e r im en ts  by u s in g  s c r a tc h e s  as  a so u rc e  o f  
d i s l o c a t i o n ,  f o r  i n v e s t i g a t i n g  th e  r e l a t i o n  betw een th e  geom etry  o f  th e  
r e s u l t i n g  d i s l o c a t i o n  g l i d e  and i t s  e x t e n t  as  a f u n c t i o n  o f  t e m p e ra tu re  
s u g g e s t  t h a t  f u r t h e r  ex p e r im en ts  f o r  an n e a le d  s c r a t c h e s  w i l l  be r e q u i r e d  
to  b r in g  th e  d i s l o c a t i o n  a r r a y  to  e q u i l i b r i u m ,  s t a r t i n g  w i th  a n n e a l in g  
te m p e ra tu re  a t  900°C up to  1200°C. Long s c r a t c h e s  a r e  p r e f e r a b l e  f o r  t h i s  
p u rp o s e .
4 . 3 .2  Annealed Long S c ra tc h e s  on Near (111) S i l i c o n  S l i c e s
The im p o r ta n t  f e a t u r e  o f  th e  a n n ea led  long  s c r a t c h e s  i s  t h a t  th e  
a n i s o t r o p y  o b se rved  in  th e  c o n t r a s t  o f  th e  s t r a i n  f i e l d s ,  as  shown in  
F ig .  4 .1 2 ,  i s  such t h a t  th e  s t r a i n  f i e l d  o f  th e  a n n ea led  long  s c r a t c h  
p a r a l l e l  to  th e  [112]  d i r e c t i o n ,  i s  w id e r  th a n  the  s t r a i n  f i e l d  o f  th e  
an n ea led  s c r a t c h  in  th e  o p p o s i te  d i r e c t i o n .  Both d i r e c t i o n s  have a narrow  
band o f  minimum c o n t r a s t  betw een two ro u g h ly  sym m etr ica l bands o f  
b la c k e n in g .  This  o b s e rv a t io n  i s  c o n s i s t e n t  w i th  th e  o b s e r v a t i o n  o f  such  
a p a i r  o f  th e  same type  o f  s c r a t c h e s  b e f o r e  a n n e a l in g  as  d i s c u s s e d  in
C hap ter  3 , and p u b l i s h e d  by B a d r ic k ,  E ld e g h a id y ,  P u t t i c k  and Shahid  (1 9 7 7 ) .
The most s t r i k i n g  f e a t u r e  o f  F ig .  4 .1 2  i s  th e  p re s e n c e  o f  th e  long  
com plete  loops  o f  d i s l o c a t i o n  g l i d i n g  i n  th e  (111) p la n e ,  norm al to  th e  
s c r a t c h  l e n g th  and p a r a l l e l  to  th e  s u r f a c e .  There a r e  numerdus^ i n t e r e s t i n g  
d e t a i l s  o f  th e  d i s l o c a t i o n  a r r a y  which a r e  th e  r e s u l t  o f  p l a s t i c  f low  
around th e  damaged a r e a  e s p e c i a l l y  th e  appearance  o f  th e  d i s l o c a t i o n  
d o u b le t  c o n t r a s t  w i th  h ig h  r e s o l u t i o n  and b e s t  v i s i b i l i t y ;  th e  av e ra g e  
w id th  o f  th e  d i s l o c a t i o n  image d o u b le t  i s  ab o u t 15pm. T h is  phenomenon 
was r e p o r t e d  by Je n k in so n  and Lang (1962) .  Such s t r o n g  c o n t r a s t  i s  in d e ed  
obse rved  from th e  wide s t r a i n  f i e l d  o f  th e  s c r a t c h  p a r a l l e l  to  th e  [112 ]  
d i r e c t i o n ,  where th e  r e c i p r o c a l  l a t t i c e  v e c t o r  g i s  p e r p e n d i c u la r  to  th e  
s c r a t c h  l e n g th .  I t  i s  n a t u r a l  to  c o n s id e r  th e  r e l a x a t i o n  o f  s t r e s s  a round 
a s c r a tc h e d  r e g io n  d u r in g  a n n e a l in g  i n  term s o f  d i s l o c a t i o n  g l i d e  i n  th e
(111) p la n e .  The p re se n c e  o f  f i n i t e  com plete  loops  o f  d i s l o c a t i o n  g e n e ra te d  
from th e  an n ea led  s c r a t c h  p a r a l l e l  to  th e  [112 ]  d i r e c t i o n  i s  i n t e r e s t i n g  
and i s  c o n s i s t e n t  w i th  th e  p r e d i c t i o n  of th e  t h e o r e t i c a l  model p ro p o sed  by 
B a d r ic k ,  E ld eg h a id y  and P u t t i c k  (fo r th co m in g )  and i s  d i s c u s s e d  i n  C h ap te r  5 .
F ig .  4 .1 3  shows th e  same p a i r  o f  a n n ea led  s c r a t c h e s  a s  shown in  F ig .  4 .1 2  
b u t  ta k en  in  the  111 r e f l e c t i o n .  The s t r u c t u r e  o f  th e  c o n t r a s t  o f  th e  s t r a i n  
f i e l d s  o f  th e  a n n ea led  s c r a t c h e s  i n  th e  111 r e f l e c t i o n  i s  d i f f e r e n t  from 
t h a t  o b se rv ed  in  th e  220 r e f l e c t i o n ,  and a l s o  th e re  i s  no w e l l  d e f in e d  n a rro w  
band o f  minimum c o n t r a s t .  The o b s e r v a t io n  o f  t h i s  c o n t r a s t  i s  c o n s i s t e n t  
w i th  th e  o b s e r v a t io n  o f  th e  c o n t r a s t  o f  such a p a i r  o f  th e  same ty p e  o f  
s c r a t c h e s  b e fo re  a n n e a l in g  as  d i s c u s s e d  i n  C hap te r  3.
The s l i g h t  r e s i d u a l  c o n t r a s t  o f  " i n v i s i b l e "  d i s l o c a t i o n s  i n  th e  111 
r e f l e c t i o n  i n d i c a t e s  t h a t  a p a i r  o f  r e f l e c t i o n s  such  as  220 and 111 may 
show a l l  th e  d i s l o c a t i o n s  g e n e ra te d  by th e  an n e a le d  s c r a t c h e s .
9Fig. 4.12 Transmission X-ray topographs of a pair of long 
scratches parallel to <112> direction, made on 
near (111) silicon surface, phosphorus doped, 
using Vickers diamond pyramid loaded to 50 gm, 
the scratches annealed at 900°C for one hour, 
220 reflection in MoKa^ radiation, x 48.
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Fig. 4.13 Transmission X-ray topographs of the same pair
of scratches as shown in Fig. 4.12, 111 reflection 
in MoKai radiation, x 48.
I n  F ig .  4 .14  i t  was ob se rv ed  t h a t  th e  c o n t r a s t  o f  th e  s t r a i n  f i e l d  
o f  th e  an n e a le d  s c r a t c h  [110] i s  d i f f e r e n t  from th e  c o n t r a s t  o f  th e  s t r a i n  
f i e l d  o f  th e  an n e a le d  s c r a t c h  [110] in  w id th ,  and no w e l l  d e f in e d  l i n e  o f  
minimum c o n t r a s t  f o r  b o th  s c r a t c h e s  was d e t e c t e d ,  b u t  i n  F ig .  4 .1 5  i t  was 
ob se rv ed  t h a t  th e  c o n t r a s t  o f  th e  s t r a i n  f i e l d s  o f  th e  a n n ea led  s c r a t c h e s  
in  th e  [110] and [110] d i r e c t i o n s  were sym m etr ica l w i th  a w e l l  d e f in e d  
l i n e  o f  minimum c o n t r a s t .  A s l i g h t  c o n t r a s t  o f  r e s i d u a l  saw damage a round  
the  a n n e a le d  s c r a t c h e s  was d e t e c te d  by topography  as  seen  i n  F ig s  4 .1 4  
and 4 .1 5  a f t e r  a n n e a l in g  a t  900°C.
The a n n ea led  s c r a t c h  in  th e  [110]  d i r e c t i o n  g e n e ra te d  two ty p e s  o f  
d i s l o c a t i o n  lo o p ,  w h ile  th e  a n n ea led  s c r a t c h  in  th e  [110 ]  d i r e c t i o n  
g e n e ra te d  one ty p e  on ly  o f  d i s l o c a t i o n  lo o p .  The s h o r t  in c o m p le te  
d i s l o c a t i o n  loops  were g e n e ra te d  from th e  [110] an n ea led  s c r a t c h  w h i le  the  
long com plete  and incom ple te  d i s l o c a t i o n  loops  were g e n e ra te d  from th e  
[110]  a n n ea led  s c r a t c h .  The d i s l o c a t i o n s  from [110 ]  o r  [110 ]  a r e  m a in ly  
loops  i n t e r s e c t i n g  the  s u r f a c e  and t h e r e f o r e  p resum ably  ly i n g  in  s l i p  p la n e s  
i n c l i n e d  to  i t .
A s tu d y  o f  th e  B urgers  v e c t o r s  ( s e e  below) show t h a t  a l l  th e  d i s l o c a t i o n s  
l i e  i n  th e  (111) p la n e  w i th o u t  e x c e p t io n .  I n  a d d i t i o n  to  th e  [110 ]  B u rg e rs  
v e c t o r s  e x p ec ted  (on th e  b a s i s  o f  th e  o r i g i n a l  s t r a i n  f i e l d s )  w i th  th e  a id  
o f  th e  symmetric r e f l e c t i o n s  202, 022 and 220 and o f  th e  s l i g h t l y  a sym m etr ic  
one 111, 111 and 111, th e  g l i d e  o ccu rs  by th e  movement o f  60° d i s l o c a t i o n s  w i th  
B urgers  v e c t o r s  o f  <110> d i r e c t i o n s  p a r a l l e l  and i n c l i n e d  to  th e  s u r f a c e .
4 . 3 . 2 . 1  V i s i b i l i t y  o f  D i s lo c a t io n s  G enera ted  from A nnealed Long 
S c ra tc h e s  i n  <112> D i r e c t io n s
F ig .  4 . 1 6 ( a ) ,  (b) and (c)  shows th e  s e l e c t e d  p r o j e c t i o n  to p o g rap h s  
o f  an an n ea led  s c r a t c h  p a r a l l e l  to  th e  [112] d i r e c t i o n  a t  1000°C from
Fig. 4.14 Transmission X-ray topographs of a pair of long 
scratches parallel to <110> direction, made on 
near (111) silicon surface, phosphorus doped, using 
Vickers diamond pyramid loaded to_50 gm, the scratches 
annealed at 900°C for one hour, 220 reflection in 
M oK cx-l radiation, x 48.
Fig. 4.15 Transmission X-ray topographs of the same pair of 
scratches as shown in Fig. 4.14, 111 reflection in 
MoKaj radiation, x 48.
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to pog raphs  ta k e n  in  th e  sym m etr ica l 2 20 -type  r e f l e c t i o n s  and s l i g h t l y  
asym m etr ica l  1 1 1 -type  r e f l e c t i o n s .  The most s t r i k i n g  f e a t u r e  o f  F ig .  4 .1 6 (a )  
i s  th e  r e s o l u t i o n  o f  th e  d i s l o c a t i o n  d o u b le t  w i th  th e  b e s t  v i s i b i l i t y  
and s t r o n g  c o n t r a s t .  The w id th  o f  th e  d i s l o c a t e d  r e g io n  a round  th e  
an n ea led  s c r a t c h  i s  abou t 545ym which was measured i n  th e  o r i g i n a l  
topog raph  o f  th e  220 r e f l e c t i o n  by u s in g  th e  Wild m ic ro sco p e .
The r e s i d u a l  c o n t r a s t  o f  th e  " i n v i s i b l e  d i s l o c a t i o n "  and th e  
appea rance  o f  th e  "b a rb ed "  f r i n g e s  a s s o c i a t e d  w ith  th e  t r a c e s  o f  
th e  " i n v i s i b l e  d i s l o c a t i o n s "  were observed  in  th e  111 r e f l e c t i o n  as  
shown i n  F ig .  4 .1 6 ( b ) .  But i n  F ig .  4 .1 6 (c )  th e  d i s l o c a t i o n s  ap p ea red  
w i th  d i f f e r e n t  c o n t r a s t  from t h a t  observed  in  F ig s  4 .1 6 (a )  and 4 . 1 6 ( b ) .  
Complete loops  o f  s i n g l e  d i s l o c a t i o n  images were observed  i n  th e  111 
r e f l e c t i o n  and a l s o  i n  o th e r  r e f l e c t i o n s  w i th  d i f f e r e n t  v i s i b i l i t y  
(n o t in c lu d e d  in  t h i s  s e r i e s ) .
The topog raphs  d em o n s tra ted  i n  F ig .  4 .16  g iv e s  a c lu e  to  th e  
o r i e n t a t i o n  and B urgers  v e c t o r s .  I t  i s  p o s s i b l e  to  d e te rm in e  B u rg e rs  
v e c t o r s  p ro v id e d  t h a t  th e  d e n s i t y  o f  d i s l o c a t i o n s  i s  n o t  to o  h ig h ,  
th ro u g h  th e  dependence o f  th e  c o n t r a s t  o f  th e  t r a c e s  o f  th e  " i n v i s i b l e  
d i s l o c a t i o n s "  by u s in g  th e  c r i t e r i o n  g .b  = 0 ,  where g i s  th e  d i f f r a c t i o n  
v e c t o r  and b i s  th e  B urgers  v e c t o r ,  and th e  geom etry o f  th e  r e g u l a r  
t e t r a h e d r o n  ( J e n k in s o n  and Lang, 1962).  From an a n a l y s i s  o f  th e  B u rg e rs  
v e c t o r  and o r i e n t a t i o n  o f  th e  d i s l o c a t i o n s  g e n e ra te d  from th e  a n n e a le d  
s c r a t c h  in  th e  [112] d i r e c t i o n ,  i t  was found t h a t  th e  B urgers  v e c t o r  l a y  
in  th e  [110]  d i r e c t i o n  as  would be ex p ec ted  f o r  g l i d e  p a r a l l e l  to  th e  
p la n e  o f  th e  s l i c e .
F ig s  4 . 1 7 ( a ) ,  (b) and (c)  show th e  s e l e c t e d  p r o j e c t i o n  to p o g ra p h s
Transmission X-ra^_topographs of a long scratch 
parallel to the [112] direction as shown in Figs.
4.12 and 4.13, the scratch annealed at_1000°C for 
one hour, the topographs taken in (a) 220 reflection 
(b) 111 reflection, (c) 111 reflection, all the 
reflections in MoKa-^ radiation, x 48.
(C)
F i g 4.17 Transmission X-ray topographs of a long scratch
parallel to the [112] direction as shown in Figs.
4.12 and 4.13, the scratch annealed at_1000°C for 
one hour, the topographs_taken in (a) 220 r e f l e c t i o n
(b) 111 reflection (c) 111 reflection, all the 
reflections in MoKcq radiation, x 48.
o f an an n ea led  s c r a t c h  p a r a l l e l  to  th e  [112] d i r e c t i o n  a t  1000°C, from 
to p og raphs  ta k e n  i n  th e  2 20 -type  and 1 11 -type  r e f l e c t i o n s .  I t  was 
o b se rved  t h a t  th e  r e s o l u t i o n  o f  th e  d i s l o c a t i o n  image d o u b le t  w i th  
b e s t  v i s i b i l i t y  and s t r o n g  c o n t r a s t  p r e s e n t  in  th e  220 r e f l e c t i o n  
f o r  th e  an n ea led  s c r a t c h  p a r a l l e l  to  th e  [112]  d i r e c t i o n  i s  s i m i l a r  
to  t h a t  o b se rved  f o r  an an n ea led  s c r a t c h  p a r a l l e l  to  th e  [112]  
d i r e c t i o n .  H a lf  loops  o f  d i s l o c a t i o n  a r e  p ro b a b ly  60° d i s l o c a t i o n s  
p a r a l l e l  to  th e  s u r f a c e  o r  i n c l i n e d  to  i t .  F ig .  4 .1 7 (b )  shows th e  
c o n t r a s t  o f  r e s i d u a l  damage o f  th e  s c r a t c h  and no d i s l o c a t i o n  movement 
appea red  i n  th e  111 r e f l e c t i o n ,  b u t  in  F ig .  4 .1 7 (c )  o n ly  h a l f  lo o p s  
appeared  w i th  s i n g l e  d i s l o c a t i o n  images and l e s s  v i s i b i l i t y .  G e n e ra l ly  
th e  c o n t r a s t  o f  th e  an n ea led  s c r a t c h  and th e  d i s l o c a t i o n  which was 
observed  in  th e  111 r e f l e c t i o n  i s  d i f f e r e n t  from t h a t  o b se rv ed  i n  th e  
220 and 111 r e f l e c t i o n s .  I t  was found t h a t  th e  B urgers  v e c t o r  i s  in  
th e  p la n e  o f  th e  specimen and in  th e  [110] d i r e c t i o n .
4 . 3 . 2 . 2  New D is lo c a t io n  Movement
The v i s i b i l i t y  o f  th e  d i s l o c a t i o n s  which were g e n e ra te d  from 
th e  an n ea led  s c r a tc h e s  a t  1200°C (.as s een  in  F ig s  4 .18  and 4 .1 9 )  i s  
poor and th e  c o n t r a s t  i s  weak, i n  a d d i t i o n  to  which some o f  th e  
d i s l o c a t i o n s  were p e r tu rb e d  and moved away from t h e i r  p o s i t i o n s .
New d i s l o c a t i o n s  have s t r a i g h t  l i n e s  and h a l f  loops  o f  p o ly g o n a l  
shapes  g l i d i n g  c lo s e  to  th e  s u r f a c e .  These new d i s l o c a t i o n s  a r e  
p ro b a b ly  g e n e ra te d  from a sou rce  a t  th e  s u r f a c e  o r  from r e s i d u a l  
damage a t  th e  edge o f  th e  specim en. The i n t e r a c t i o n  betw een th e  new 
d i s l o c a t i o n s  and th e  d i s l o c a t i o n s  which were g e n e ra te d  from th e  a n n e a le d  
s c r a t c h e s  -  a t  th e  s ta g e  o f  th e  a n n e a l in g  a t  1200°C -  u p s e t s  th e  
r e l a x a t i o n  o f  th e  o r i g i n a l  d i s l o c a t i o n s .  T h is  a l s o  p re v e n te d  th e
Fig. 4.18 Transmission X-ray topographs of the pair of long 
scratches parallel to <112> direction as shown in 
Figs. 4.12, 4,13, 4.16 and 4.17, the scratches 
annealed at 1200°C for one hour. 220 reflection 
in MoKa-^ radiation, x 48.
Fig. 4.19 The same pair of scratches as shown in Fig. 4.18, 
the scratches annealed at 1200°C for one hour.
Ill reflection in MoKa^ radiation, x 48.•
co m p le tio n  o f  th e  measurements o f  th e  d i s l o c a t i o n  s e p a r a t io n  d i s t a n c e  
in  th e  s e r i e s  o f  th e  measurements which were ta k e n  a t  e l e v a te d  
te m p e ra tu r e s ,  f o r  th e  v e r i f i c a t i o n  o f  th e  t h e o r e t i c a l  model as  d i s c u s s e d  
i n  C hap te r  5 .
The movement o f  th e  new d i s l o c a t i o n s  which appeared  a f t e r  th e  
a n n e a l in g  o f  th e  s c r a t c h e s  a t  1200°C i s  s i m i l a r  to  t h a t  o b se rv ed  in  
such to p o g rap h s  o f  p a i r s  of. s c r a t c h e s  as  seen  in  F ig s  4 . 6 ,  4 . 7 ,  4 .1 0  
and 4 .11  a f t e r  a n n e a l in g  a t  1200°C f o r  30 m inu tes  i n  p u re  a rgon  
a tm osphere .  ;
I t  i s  p ro b a b le  t h a t  th e  g e n e r a t io n  o f  th e  observed  new d i s l o c a t i o n s  
o ccu rs  from l o c a l  s t r e s s e s  a t  th e  s u r f a c e ,  such as unwanted im p u r i ty  
o r  dopan t a tom s, i n  a d d i t i o n  to  which, c o n t r a s t  c e n t r e s  and r e s i d u a l  
damage which were always d e t e c t e d  by X -ray  topography  a f t e r  a n n e a l in g  
a t  1000°C and 1100°C, th e n  d i s a p p e a re d  a f t e r  a n n e a l in g  a t  1200°C.
4 . 3 . 2 . 3  O b se rv a t io n  o f  S l ip  L ines  from an A nnealed S c ra tc h
F ig s  4 .2 0  and 4 .21  show s l i p  l i n e s  e m i t te d  from a s c r a t c h  made 
p a r a l l e l  to  th e  [112] d i r e c t i o n  and th e n  an n ea led  a t  800°C f o r  one 
hour i n  p u re  argon  a tm osphere .  The m icrog raphs  were ta k e n  by u s in g  
( i n t e r f e r e n c e  c o n t r a s t  and normal i n c i d e n t  i l l u m i n a t i o n )  o p t i c a l  m ic ro sc o p y .  
The s l i p  l i n e s  appeared  i n  w h i te  c o n t r a s t  and c l o s e l y  d i s t r i b u t e d  as  
shown i n  F ig .  4 .2 0 .  G e n e ra l ly ,  s l i p  l i n e s  appea red  p a r a l l e l  t o  t r a c e s  
o f  (111) p l a n e s .  I n  F ig .  4 .21  th e  s l i p  l i n e s  appea red  in  b la c k  c o n t r a s t  i n  
th e  same r e g io n  observed  i n  F ig .  4 .20  under norm al i n c i d e n t  i l l u m i n a t i o n .
Fig. 4.20 Interference contrast micrograph of a long scratch 
parallel to the [112] direction, made on near (111) 
silicon surface, using a diamond stylus in the form 
of a cone of 60° angle loaded to 50 gm, the scratch 
annealed at 800°C for one hour, x 675. The mic r o g r a p h  
showing slip lines in white contrast.
Fig. 4.21 Optical micrograph of the same scratch as shown in
Fig. 4.20, x 675. The micrograph showing slip lines 
in black contrast.
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. I'ioL.t. th e  s l i p  l i n e s  . ; rtu&jto.* u)&£(L;
- •- ,^6 £Wecl :. - d i y e c t i o n s .  I t  i s  p o s s i b l e  to  measure th e  an g le  
betw een th e  t r a c e s  o f  th e  two o v e r la p p ed  re g io n s  o f  th e  s l i p  l i n e s  which 
i s  a b o u t 120°.
4 . 3 . 2 . 4  V i s i b i l i t y  o f  D is lo c a t io n s  G enera ted  from Annealed 
Long S c ra tc h e s  i n  the  <110> D i r e c t io n s
F ig s  4 . 2 2 ( a ) ,  ( b ) , (c)  and (d) show th e  s e l e c t e d  p r o j e c t i o n  ■
topographs  o f  an a n n ea led  s c r a t c h  p a r a l l e l  to  th e  [110] d i r e c t i o n  
a t  1100°C f o r  one hour i n  p u re  argon  atm osphere from to p o g rap h s  ta k e n  
in  d i f f e r e n t  r e f l e c t i o n .  The most s t r i k i n g  f e a t u r e  o f  F ig s  4 .2 2 (a )  
and (b) i s  th e  p re se n c e  o f  h a l f  loops  o f  d i s l o c a t i o n  w i th  good c o n t r a s t  
and v i s i b i l i t y  a s s o c i a t e d  w ith  long  com plete  loops which have weak c o n t r a s t  
and l e s s  v i s i b i l i t y .  Both ty p e s  o f  loops  have s in g le  d i s l o c a t i o n  images 
and g l i d e  c lo s e  to  the  s u r f a c e .  The h a l f  lo o p s  a re  60° d i s l o c a t i o n s  
which a r e  p ro b a b ly  ly in g  in  th e  p la n e  o f  th e  specimen o r  i n c l i n e d  to  i t .
Only long  com plete  loops  w i th  s t r o n g  c o n t r a s t  and b e s t  v i s i b i l i t y  
appea red  in  th e  111 r e f l e c t i o n ,  w h ile  o n ly  h a l f  loops  o f  60° d i s l o c a t i o n s  
w i th  s t r o n g  c o n t r a s t  and b e s t  v i s i b i l i t y  were observed  in  th e  111 r e f l e c t i o n .  
I t  was n o t i c e d  t h a t  th e  h a l f  loops  appeared in  th e  220, 111 and 111 
r e f l e c t i o n s  w h ile  th e  long  com plete  loops  were " i n v i s i b l e "  i n  th e  111 
r e f l e c t i o n .  Then th e  B urgers  v e c t o r s  can e a s i l y  be i d e n t i f i e d  by th e  
method o f  J en k in so n  and Lang (19 6 2 ) .  In  our c a se  i t  was found t h a t  th e  
B urgers  v e c t o r  f o r  th e  d i s l o c a t i o n s  i n v i s i b l e  i n  the  111 r e f l e c t i o n  p la n e  
i s  i n  th e  p la n e  o f  th e  specim en in  th e  [011] d i r e c t i o n .  A lso  u s in g  a 
s i m i l a r  a n a l y s i s  f o r  th e  h a l f  loops  o f  d i s l o c a t i o n  i n v i s i b l e  i n  th e  111 
r e f l e c t i o n  p la n e ,  the  B urgers  v e c t o r  i s  found to  be i n  th e  p la n e  o f  th e  
specim en in  th e  [101] d i r e c t i o n .
(d) (c)
Fig. 4.22 Transmission X-ray_topographs of a long scratch
parallel to the [110] direction as shown in Figs. 4.14 
and 4.15, the scratch annealed at 1100°C for one hour. 
The topographs taken in (a) 220 reflection (b) 111 
reflection (c) 111 reflection (d) 111 reflection, all 
the reflections in MoKoq radiation, x 48.
(d) (c)
Fig. 4.23 Transmission X-ray topographs of a long scratch parallel 
to the [110] direction as shown in Figs. 4 14 and 4.13, 
the scratch annealed at 1100°C for one hour. The topo­
graphs taken in (a) 220_reflection (b) 111 reflection
(c) 111 reflection (d) 111 reflection, all the reflections 
in MoKa-^ radiation, x 48.
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F ig s  4 . 2 3 ( a ) ,  ( b ) , (c )  and (d) show th e  s e l e c t e d  p r o j e c t i o n  
to pog raphs  o f  an an n ea led  s c r a t c h  p a r a l l e l  to  the  [110]  d i r e c t i o n  a t
v
1100°C from topographs  ta k e n  in  d i f f e r e n t  r e f l e c t i o n s .  The a n n ea led  
s c r a t c h  g e n e ra te d  o n ly  s h o r t  h a l f  loops  o f  d i s l o c a t i o n  which ap p ea red  
in  th e  220, 111 and 111 r e f l e c t i o n s  r e s p e c t i v e l y  w i th  d i f f e r e n t  v i s i b i l i t y ,  
b u t  were i n v i s i b l e  in  th e  111 r e f l e c t i o n ,  where th e  c o n t r a s t  o f  th e  
r e s i d u a l  damage i s  reduced  a l s o  as  shown in  F ig .  4 . 2 3 ( d ) ,  The b e s t  
r e s o l u t i o n  o f  th e  h a l f  loops  w i th  s i n g l e  d i s l o c a t i o n  images ap p ea red  in  
th e  111 r e f l e c t i o n  p la n e .  From th e  a n a l y s i s  o f  th e  B urgers  v e c t o r ,  i t  
was found t h a t  th e  B urgers  v e c t o r  l i e s  i n  th e  p la n e  o f  th e  specim en in  
th e  [ O i l ]  d i r e c t i o n .
4 . 3 .3  B urgers  V ec to r  A n a ly s is
When th e  specim en s l i c e  was c u t  p a r a l l e l  to  th e  (111) p l a n e ,  and 
th e  d i s l o c a t i o n  d e n s i t y  which was g e n e ra te d  from a n n e a le d  s h o r t  s c r a t c h e s  
a t  1000°C was n o t  too  h ig h ,  th e n  th e  B urgers  v e c t o r s  were e a s i l y  i d e n t i f i e d  
and a s s ig n e d  by th e  i n v i s i b i l i t y  c r i t e r i o n  g .b  = 0 ,  and by th e  method o f  
J e n k in s o n  and Lang (1962) .
The v i s i b i l i t y  and c o n t r a s t  o f  the  d i s l o c a t i o n s  a r e  a t  a  maximum in  
th e  220 r e f l e c t i o n  f o r  d i s l o c a t i o n  g e n e ra te d  from an n e a le d  s h o r t  s c r a t c h e s  
as  shown i n  th e  F ig .  4 .2 4 .  Few h a l f  loops p resum ably  60° were ob se rv ed  
w i th  doub le  d i s l o c a t i o n  images i n  the  220 r e f l e c t i o n ,  b u t  some o f  th e s e  
h a l f  loops  were " i n v i s i b l e "  i n  th e  111 r e f l e c t i o n  as  shown i n  F ig .  4 .2 5 .  
O ther h a l f  loops  were v i s i b l e  in  th e  111 r e f l e c t i o n ,  p a r t i c u l a r l y  from 
th e  [112]  s c r a t c h ,  w i th  s i n g l e  d i s l o c a t i o n  im ages. The com ple te  loops  
were observed  in  th e  220 r e f l e c t i o n  b u t  d is a p p e a re d  i n  th e  111 r e f l e c t i o n  
and th e  b a rb ed  f r i n g e  images a s s o c i a t e d  w i th  th e  " i n v i s i b l e "  d i s l o c a t i o n s  
were o b se rv e d .  H a lf  lo o p s ,  p resum ably  60° d i s l o c a t i o n s ,  were v i s i b l e
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w ith  s i n g l e  d i s l o c a t i o n  images in  th e  111 and 111 r e f l e c t i o n s  as  shown 
in  F ig s  4 .26  and 4 .2 7 ,  b u t  i n v i s i b l e  i n  th e  111 r e f l e c t i o n .  These 
d i s l o c a t i o n s  were g e n e ra te d  from th e  [112] s c r a t c h .  They have B urge rs  
v e c t o r s  in  th e  p la n e  o f  th e  specim en and may be in  th e  [110]  o r  [110 ]  
d i r e c t i o n s .  '
Some o f  th e  h a l f  loops  were g e n e ra te d .o n  th e  l e f t  o f  th e  [112] 
s c r a t c h .  These d i s l o c a t i o n s  were v i s i b l e  in  th e  111 and 111 r e f l e c t i o n s ,  
b u t  i n v i s i b l e  i n  th e  111 r e f l e c t i o n .  They have B urgers  v e c t o r s  i n  th e  
p la n e  o f  th e  specim en which may be in  th e  [ O i l ]  o r  [ O i l ]  d i r e c t i o n s .
One d i s l o c a t i o n  was v i s i b l e  i n  th e  111 and 111 r e f l e c t i o n s  b u t  
i n v i s i b l e  i n  th e  111 r e f l e c t i o n .  I t  was o b se rv ed  w ith  a maximum 
v i s i b i l i t y  on th e  l e f t  o f  th e  [112] s c r a t c h ,  w i th  a double  d i s l o c a t i o n  
image in  th e  220 r e f l e c t i o n .  I t  has  a B urgers  v e c to r  in  th e  p la n e  o f  
th e  specim en and may be in  th e  [110] o r  [110]  d i r e c t i o n . .
Two d i s l o c a t i o n s  on th e  top o f  th e  [112] s c r a t c h  were v i s i b l e  in  
th e  220, 111 and 111 r e f l e c t i o n s ,  b u t  i n v i s i b l e  in  th e  111 r e f l e c t i o n .
They have B urgers  v e c t o r s  in  th e  p la n e  o f  th e  specim en and may be  i n  th e  
[101] o r  [101] d i r e c t i o n s .
One d i s l o c a t i o n  was observed  on th e  l e f t  bo ttom  o f  th e  [112 ]  s c r a t c h .  
I t  was v i s i b l e  i n  th e  220 and 111 r e f l e c t i o n s  b u t  th e  r e s i d u a l  c o n t r a s t  
o f  th e  " i n v i s i b l e "  d i s l o c a t i o n  was d e t e c t e d  by X -ray to pog raphy  i n  th e  
111 r e f l e c t i o n ,  w h i le  i t  i s  c o m p le te ly  " i n v i s i b l e "  in  th e  111 r e f l e c t i o n .  
I t  h as  a B urgers  v e c t o r  i n  a p la n e  i n t e r s e c t i n g  the  s u r f a c e  and may be in  
th e  [011] d i r e c t i o n .
F i n a l l y  th e  com plete  loops  and h a l f  loops  were g e n e ra te d  from th e  
r i g h t  s id e  o f  th e  [112] s c r a t c h ,  v i s i b l e  i n  th e  111 and 111 r e f l e c t i o n s  
and a l s o  in  th e  220 r e f l e c t i o n ,  b u t  " i n v i s i b l e "  in  th e  111 r e f l e c t i o n .
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They have B urgers  v e c t o r s  in  th e  p la n e  of th e  specim en which may be 
in  th e  [110] o r  [110] d i r e c t i o n s .
The v i s i b i l i t y  and th e  c o n t r a s t  o f  th e  d i s l o c a t i o n s  a r e  a t  a 
maximum i n  th e  111 r e f l e c t i o n  compared w i th  th e  220 r e f l e c t i o n  f o r  
d i s l o c a t i o n s  g e n e ra te d  from an n ea led  s c r a t c h e s  p a r a l l e l  to  th e  <110> 
d i r e c t i o n s  as shown in  F ig s  4 .2 8  and 4 .2 9 . ,  A lso th e  c o n t r a s t  c e n t r e s  
o f  sm a l l  s i z e  appea red  a f t e r  a n n e a l in g  a t  1100°C f o r  one h o u r ,  and were 
c l e a r l y  observed  in  th e  111 r e f l e c t i o n  as  shown in  F ig .  4 .2 9 .  H a lf  
loops  and com plete  loops  w i th  s i n g l e  d i s l o c a t i o n  images were ob se rv ed  
as  s een  in  F ig s  4 .2 8  and 4 .2 9 .  H a lf  loops  o f  d i s l o c a t i o n  p resum ably  
60° d i s l o c a t i o n s  g l i d i n g  c l o s e  to  th e  s u r f a c e  p ro b a b ly  l i e  i n  th e  p la n e  
o f  th e  specim en o r  i n c l i n e d  to  i t .
60° d i s l o c a t i o n s  w i th  s t r o n g  c o n t r a s t  and good r e s o l u t i o n  o f  th e  
d i s l o c a t i o n  d o u b le t  were o b se rv e d .  They ware accompanied w i th  weak 
c o n t r a s t  o f  com plete  loops  w i th  s i n g l e  d i s l o c a t i o n  im ages. A l l  th e  
d i s l o c a t i o n s  were g e n e ra te d  from th e  [110] s c r a t c h .  S h o r t  h a l f  lo o p s  
o f  s i n g l e  d i s l o c a t i o n  images were observed  in  weak c o n t r a s t .  They were 
g e n e ra te d  from th e  an n ea led  [110] s c r a t c h .  A l l  th e  ty p e s  o f  d i s l o c a t i o n s  
were shown i n  th e  202 r e f l e c t i o n .
Long com plete  loops  w i th  d o u b le t  d i s l o c a t i o n  images were o b se rv ed  
i n  poor r e s o l u t i o n  and r e a s o n a b le  c o n t r a s t .  60° d i s l o c a t i o n s  w i th  s i n g l e  
images and weak c o n t r a s t  were a s s o c i a t e d  w i th  th e  com ple te  lo o p s .  S h o r t  
h a l f  loops  w i th  d o u b le t  d i s l o c a t i o n  images w ere o b se rved  from th e  a n n e a le d
[110] s c r a t c h  i n  poor r e s o l u t i o n  and weak c o n t r a s t  i n  th e  022 r e f l e c t i o n .
The most s t r i k i n g  f e a t u r e  o f  F ig .  4 .3 2  i s  th e  p re s e n c e  o f  th e  com ple te  
loops  and some o f  h a l f  loops  w i th  s i n g l e  d i s l o c a t i o n  im ages .  The d i s l o c a t i o n s
F igo  4.24 Transmission X-ray topographs of a pair of short
scratches parallel to <112> direction, made on near
(111) silicon surface phosphorus lightly doped, 
using a Vickers diamond pyramid loaded to 50 gm, 
the scratches annealed at 1000°C for one hour. 220 
reflection in MoKap radiation, x 48.
Fig. 4.25 Transmission X-ray topographs of the same pair of
short scratches as shown in Fig. 4.24. Ill reflection 
in MoKa^ radiation, x 48.
Fig. 4.26 Transmission X-ray topographs of the same pair of 
short scratches as shown in Figs. 4.24 and 4.25. 
Ill reflection in MoKa^ radiation, x  48.
Fig. 4.27 Tranmisssion X-ray topographs of the same pair of 
short scratches as shown in Figs. 4.24, 4.25 and 
4.26. Ill reflection in MoKot| radiation, x 48.
F i g .  4 .2 8  Transmission X-ray topographs of a pair of short 
scratches parallel to <110> direction, made on 
near (111) silicon surface phosphorus lightly 
doped, using a Vickers diamond pyramid loaded to 
50 gm, the scratches annealed at 1000°C for one 
hour. 220 reflection in MoKcq radiation, x 48.
Fig. 4.29 Transmission X-ray topographs of the same pair of
short scratches as shown in Fig. 4.28. Ill reflec­
tion in MoKo^ radiation, x 48.
Fig. 4.30 Transmission X-ray topographs of the same pair of 
short scratches as shown in Figs. 4.28 and 4.29. 
202 reflection in MoKa^ radiation, x 48.
Fig. 4.31 Transmission X-ray topographs of the same pair of
short scratches as shown in Figs. 4.28, 4.29 and 4.30. 
022 reflection in MoKa-^ radiation, x 48.
4.32 Transmission X-ray topographs of the same pair of 
short scratches as shown in Figs. 4.28, 4,29, 4.30 
and 4.31. Ill reflection in MoKa^ radiation, x 48.
4.33 Transmission X-ray topographs of the same pair of 
short scratches as shown in Figs. 4.28, 4.29, 4.30 
4.31 and 4.32. Ill reflection in MoKa^ radiation, 
x 48.
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were g e n e ra te d  from th e  [110] s c r a t c h ,  w h ile  th e  60° d i s l o c a t i o n s  which 
were a s s o c i a t e d  w i th  long  loops  were " i n v i s i b l e "  in  th e  111 r e f l e c t i o n .
The s h o r t  h a l f  loops  which were g e n e ra te d  from th e  [110] s c r a t c h  a r e  
v i s i b l e .
I n  F ig .  4 .3 3  th e  60° d i s l o c a t i o n s  were v i s i b l e  o n ly  in  good c o n t r a s t  
and b e s t  v i s i b i l i t y ,  w h ile  th e  long  com plete  loops  and th e  s h o r t  h a l f  
loops  w hich were g e n e ra te d  from th e  [110] and [110] s c r a t c h e s  r e s p e c t i v e l y ,  
a r e  i n v i s i b l e  in  th e  111 r e f l e c t i o n .
I t  was found t h a t  th e  60° d i s l o c a t i o n s  a r e  v i s i b l e  i n  th e  220, 202,
111 and 111 r e f l e c t i o n s ,  b u t  " i n v i s i b l e "  in  th e  111 r e f l e c t i o n .  They 
have B urgers  v e c t o r s  i n  th e  p la n e  o f  th e  specim en which may be in  th e  
[101] o r  [101] d i r e c t i o n s .  A lso  th e  long  com plete  lo o p s  a s s o c i a t e d  w i th  
th e  60° d i s l o c a t i o n s  and th e  s h o r t  h a l f  loops  which were g e n e ra te d  from 
th e  [110]  s c r a t c h ,  a r e  v i s i b l e  in  th e  220, 022 , 111 and 111 r e f l e c t i o n s ,  
b u t  " i n v i s i b l e "  in  th e  111 r e f l e c t i o n .  They have B urgers  v e c t o r s  i n  th e  
p la n e  o f  th e  specim en, p o s s i b ly  in  th e  [011] o r  [011] d i r e c t i o n s .
4 .4  D is c u s s io n
Most C z o c h ra ls k i  grown c r y s t a l s  a f t e r  s e v e r a l  an n ea lin g s  show v e ry  
inhomogeneous p r e c i p i t a t i o n ;  t h i s  m a t e r i a l  e v i d e n t ly  p r e c i p i t a t e d  a 
second phase  much more u n ifo rm ly  ( P u t t i c k ,  p r i v a t e  co m m u n ica tio n ) . The 
f e a t u r e s  observed  in  F ig s  4 .2  and 4 .3  s u g g e s t  t h a t  th e  r e s i d u a l  s t r a i n  
f i e l d  has  been  r e l i e v e d  in  t h i s  c a se  by m ig r a t io n  o f  unwanted im p u r i ty  atoms 
such as oxygen.
The d i s l o c a t i o n s  g e n e ra te d  by th e  a n n ea led  s c r a t c h  a t  e l e v a t e d  
te m p e ra tu re  can j u s t  be se e n ,  b u t  th e  d e t a i l s  were c o m p le te ly  masked by 
th e  dense  d i s t r i b u t i o n  o f  c o n t r a s t  c e n t r e s  and i r r e g u l a r  d i s l o c a t i o n s  w hich
p ro b a b ly  a r i s e  from p r e c i p i t a t i o n  o f  im p u r i ty ;  a l th o u g h  in  some c a se s  
th e  p r e c i p i t a t i o n  was on a f i n e  s c a le  as  seen  in  F ig .  4 .1 ,  in  w hich c a se  
no d i s l o c a t i o n  movement cou ld  be d e te c te d .-
The o r i g i n a l  aim o f  th e se  ex p er im en ts  was n o t  r e a l i s e d  because  
o f  th e  severe lo s s  o f  c r y s t a l  q u a l i t y  xtfhich o cc u rs  a t  th e s e  te m p e r a tu r e s .  
V e r i f i c a t i o n  o f  th e  t h e o r e t i c a l  model (s e e  C hap te r  5) r e q u i r e s  specim ens 
o f  s i l i c o n  c r y s t a l  grown by th e  F lo a t in g -z o n e  method.
In  th e  p r e l im in a r y  ex p er im en ts  f o r  s c r a t c h in g  s i l i c o n  c r y s t a l s  
grown by th e  F lo a t in g - z o n e  method, in  th e  <110> and <112> d i r e c t i o n s ,  
th e n  an n ea led  in  th e  ran g e  o f  te m p era tu re s  betw een 1000°C and 1200°C, 
im p o r ta n t  o b s e r v a t io n s  were made. F i r s t ,  t h a t  th e  t r a c e s  o f  sawing 
damage and c o n t r a s t  c e n t r e s  which were d e t e c t e d  by X -ray  to p o g rap h y  as  
seen  in  F ig s  4 .4 ,  4 .5 ,  4 .8  and 4 .9  p e r s i s t  up to  1100°C, b u t  a f t e r  
a n n e a l in g  th e  specim en a t  1200°C, a l l  th e  t r a c e s  have been  removed, i n  
a d d i t i o n  to  which new d i s l o c a t i o n  movement covered  th e  s u r f a c e  a s  s een  
in  F ig s  4 .6 ,  4 .7 ,  4 .1 0 ,  4 .1 1 ,  4 .18  and 4 .1 9 .  These new d i s l o c a t i o n s  a r e  
p ro b a b ly  g e n e ra te d  from a so u rce  a t  th e  s u r f a c e  o r  th e  edge o f  th e  c r y s t a l  
s l i c e .
The c o n t r a s t  c e n t r e s  observed  in  th e  an n ea led  s l i c e s  doped w i th  
p h o sp h o ru s ,  from c r y s t a l s  grown by th e  F lo a t in g - z o n e  m ethod, a r e  a p p ro x im a te ly  
s i m i l a r  to  th e  s p o t t y  background o bse rved  in  th e  an n ea led  s l i c e s  doped 
w i th  an tim ony, from c r y s t a l s  grown by th e  C z o c h ra ls k i  m ethod. The o n ly  
d i f f e r e n c e  betw een b o th  ty p e s  o f  c r y s t a l s  i s  t h a t  th e  c o n t r a s t  c e n t r e s  
p e r s i s t e d  up to  1100°C, th e n  d is a p p e a re d  fo l lo w in g  th e  a n n e a l in g  t e m p e ra tu r e  
a t  1200°C in  th e  fo rm er b u t  n o t  i n  th e  l a t t e r .  There i s  s p e c i f i c  i n d u s t r i a l  
i n t e r e s t  i n  u n d e r s ta n d in g  th e  changes o c c u r r in g .a t  r e g io n s  o f  s u r f a c e  
damage, d u r in g  a n n e a l in g  a t  h ig h  te m p e r a tu r e s ,  s in c e  s u b s t r a t e s  a r e
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s u b je c te d  d u r in g  d e v ic e  m a n u fa c tu re  to  a s e r i e s  of h e a t  t r e a tm e n t  
c y c le s  d u r in g  e p i t a x i a l  d e p o s i t i o n ,  d i f f u s i o n  and o x id a t io n .  I f  th e  
s u r f a c e  damage d i s t o r t s  th e  l a t t i c e ,  th e  e l e c t r i c a l  e f f e c t s  o f  h e a t  
t r e a t e d  c o n t r a s t  c e n t r e s  may be im p o r ta n t ,  e s p e c i a l l y  d u r in g  homogeneous 
s i l i c o n  e p i t a x y ,  i f  t h i n  (l-2ym ) h ig h  r e s i s t i v i t y  l a y e r s  a r e  grown on 
h e a v i ly  doped s u b s t r a t e  s u r f a c e s  w ith  r e s i d u a l  saw damage.
The c o n t r a s t  of th e  s t r a i n  f i e l d s  f o r  s c r a tc h e s  made in  <110> and 
<112> d i r e c t i o n s  a f t e r  a n n e a l in g  i s  s i m i l a r  to  t h a t  b e f o r e  a n n e a l in g .
The c o n t r a s t  o f  th e  s t r a i n  f i e l d  c o n s i s t i n g  o f  two ro u g h ly  sy m m e tr ica l  
bands o f  b la c k e n in g  s e p a ra te d  by a narrow  band o f  minimum c o n t r a s t  i s  
observed  o n ly  when th e  r e c i p r o c a l  l a t t i c e  v e c t o r  i s  norm al to  th e  s c r a t c h  
le n g th .  T h is  c o n t r a s t  s u g g e s ts  t h a t  th e  s t r a i n  f i e l d  i s  one o f  p la n e  
s t r a i n  s u r f a c e  com press ion  (F rank  e t  a l . ,  1967; B ad rick  e t  a l .  1977 ) .
The c o n t r a s t  and th e  w id th  o f  th e  s t r a i n  f i e l d  o f  a s c r a t c h  s l i g h t l y  
d e c re a s e s  w i th  i n c r e a s in g  th e  a n n e a l in g  te m p e ra tu re .  S c r a tc h e s  made by 
u s in g  a diamond n e e d le  in  th e  form o f  a cone o f  60° an g le  and a V ic k e rs  
diamond pyramid o f  136° a n g le ,  on i n t r i n s i c  and n - ty p e  s i l i c o n  s l i c e s ,  
show t h a t  th e  r e s i d u a l  damage d e t e c te d  by X -ray  topography  i s  s i m i l a r  i n  
b o th  ty p e s  o f  th e  i n d e n t e r s .
The a n i s o t r o p y  in  th e  s t r a i n  f i e l d s  o f  s c r a t c h e s  made in  th e  <112> 
d i r e c t i o n s  a f t e r  a n n e a l in g  i s  s i m i l a r  to  t h a t  observed  b e f o r e  a n n e a l in g  
(B ad r ick  e t  a l .  1977).  The n a tu r e  o f  th e  wide s t r a i n  f i e l d  o f  s c r a t c h e s  
i n  [1 1 2 ] ,  [211] and [121]  i s  r e f l e c t e d  i n  th e  e x t e n t  o f  th e  d i s l o c a t i o n  
g l i d e .  The g r e a t e s t  e x t e n t  o f  d i s l o c a t i o n  movement i s  th e  g l i d e  norm al 
to  th e  s c r a t c h  le n g th  and p a r a l l e l  to  th e  s u r f a c e  by th e  movement o f  lo n g  
loops  o f  d i s l o c a t i o n  ly i n g  in  th e  (111) p la n e .
In  c e r t a i n  s p e c i a l  o r i e n t a t i o n s  d i s l o c a t i o n s  show doub le  im ag es ,  w h i le
in  o th e r  o r i e n t a t i o n s  d i s l o c a t i o n s  show s in g le  im ages. T h is  i s  most 
n o t i c e a b l e  i n  such to p o g ra p h s .  The changes i n  th e  c o n t r a s t  o f  th e  
d i s l o c a t i o n s  a r e  d i f f r a c t i o n  c o n t r a s t  e f f e c t s  a s s o c i a t e d  w i th  p a r t i c u l a r  
Bragg r e f l e c t i o n s ,  e s p e c i a l l y  th o se  f o r  which th e  B urgers  v e c t o r  c o in c id e s  
w i th  th e  r e f l e c t i o n  p la n e  normal as  r e p o r te d  by Jen k in so n  and Lang (1 9 6 2 ) .  
A lso th e  o b s e r v a t io n  o f  barbed  f r i n g e s  a s s o c i a t e d  w ith  th e  t r a c e s  o f  th e  
" i n v i s i b l e  d i s l o c a t i o n s "  as  seen  in  F ig .  4 .16  i s  c o n s i s t e n t  w i th  th e  
o b s e r v a t io n  made by J e n k in s o n  and Lang (1962).  The h ig h  r e s o l u t i o n  and 
s t r o n g  c o n t r a s t  o f  d o u b le t  d i s l o c a t i o n  images o c c u r r in g  i n  c e r t a i n  Bragg 
r e f l e c t i o n s  depends on t h e i r  p o s i t i o n s  r e l a t i v e  to  th e  c r y s t a l  s u r f a c e :  
th e  d i s l o c a t i o n  image i s  s h a rp e r  when th e  d i s l o c a t i o n  l i e s  c l o s e  to  th e  
s u r f a c e .  T h is  o b s e r v a t io n  i s  in  acco rdance  w i th  th o se  r e p o r t e d  by 
Borrmann e t  a l .  (1958); G ero ld  and M eier (1959); I s h i i  (1962); J e n k in s o n  
and Lang (1962).
When th e  d i s l o c a t i o n  d e n s i t y  i s  n o t  too  h ig h ,  th e  B urgers  v e c t o r s  
can e a s i l y  be i d e n t i f i e d  by th e  i n v i s i b i l i t y  c r i t e r i o n  g .b  = 0 ,  and by th e  
geom etry  o f  a r e g u l a r  t e t r a h e d r o n  (Je n k in so n  and Lang, 1962).  I t  was 
found tha t th e  B urgers  v e c t o r s  o f  com plete  loops  o f  d i s l o c a t i o n  g e n e ra te d  
from an n ea led  s c r a t c h e s  in  th e  [112] and [110] d i r e c t i o n s  a r e  i n  th e  p la n e  
of th e  specim en in  <110> d i r e c t i o n s .  H a lf  loops  o f  60° d i s l o c a t i o n s  were 
form ed. They have B urgers  v e c t o r s  ly in g  in  th e  p la n e  o f  th e  spec im en . The 
s l i p  p la n e s  a r e  (1 1 1 ) ,  (111) and (1 1 1 ) .
The main c o n c lu s io n s  drawn a r e :
1. O b se rv a t io n  of s t r e s s  r e l a x a t i o n  by d i s l o c a t i o n  g l i d e  ca n n o t
be r e l i a b l y  made in  th e  C z o c h ra lsk i  grown s i l i c o n  c r y s t a l s  
because  o f  th e  unknown e f f e c t  o f  r e s i d u a l  im p u r i t i e s  on th e  
y i e l d  s t r e s s .
F lo a t in g -z o n e  grown s i l i c o n  c r y s t a l s ,  l i g h t l y  doped w i th  
p h o sp h o ru s ,  was found a  s u i t a b l e  m a t e r i a l  f o r  s tu d y in g  th e  
s t r e s s  r e l a x a t i o n  by d i s l o c a t i o n  g l i d e  and i t s  e x t e n t  as  
a f u n c t io n  o f  te m p e ra tu re .
The a n i s o t r o p y  o f  th e  s t r a i n  f i e l d  o f  s c r a tc h e s  in  <112> 
d i r e c t i o n s  which were observed  b e f o r e  a n n e a l in g  a l s o  
p e r s i s t s  a f t e r  a n n e a l in g .
The c o n t r a s t  o f  th e  s t r a i n  f i e l d  round s c r a t c h e s  examined 
by X -ray  topography  i s  reduced  i n  w id th  by i n c r e a s in g  th e  
a n n e a l in g  te m p e ra tu re .
No d i s l o c a t i o n  movement was d e t e c te d  in  i n t r i n s i c  s i l i c o n  
s l i c e s .
Long com plete  lo o p s  o f  d i s l o c a t i o n  w i th  h ig h  r e s o l u t i o n  
and b e s t  v i s i b i l i t y  were g e n e ra te d  from th e  wide s t r a i n  
f i e l d  o f  s c r a t c h e s  in  th e  [112]  d i r e c t i o n .
H a lf  loops  o f  60° d i s l o c a t i o n s  w i th  B urgers  v e c t o r s  ly i n g  
i n  th e  p la n e  o f  th e  (111) s i l i c o n  s l i c e  i n  <110> d i r e c t i o n s  
have been  found .
D i s lo c a t io n s  w i th  d o u b le t  im ages, s t r o n g  c o n t r a s t  and h ig h  
r e s o l u t i o n  were observed  in  c e r t a i n  Bragg r e f l e c t i o n s .
Barbed f r i n g e  images a s s o c i a t e d  w i th  th e  t r a c e s  o f  " i n v i s i b l e  
d i s l o c a t i o n s "  were observed  f o r  long  [112] s c r a t c h e s .
S l ip  l i n e s  have been  observed  a long  th e  t r a c e s  of (111) p la n e
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11. There i s  an i n c r e a s e  i n  th e  d e n s i t y  o f  c o n t r a s t  c e n t r e s  
and r e s i d u a l  saw damage fo l lo w in g  th e  a n n e a l in g  a t  1000°C 
and 1100°C; th e s e  c e n t r e s  d is a p p e a re d  a f t e r  a n n e a l in g
a t  1200°C in  s i l i c o n  c r y s t a l s  grown by th e  F lo a t in g - z o n e  
method.
12. New d i s l o c a t i o n  movement was d e t e c te d  by X -ray to p o g rap h y ,  
p ro b a b ly  g e n e ra te d  from l o c a l  damage a t  th e  s u r f a c e  o r  th e  
edge o f  th e  specim en a f t e r  a n n e a l in g  a t  1200°C.
CHAPTER 5
THEORETICAL MODEL OF STRESS RELAXATION ROUND ANNEALED SCRATCHES
5 .1  I n t r o d u c t io n
I t  has  been  shown by F ran k ,  Lawn, Lang and Wilks (1967) . t h a t  
th e  s t r a i n  f i e l d  around th e  a b r a s io n  on a diamond fa c e  i s  e f f e c t i v e l y  
l i m i t e d  to  a t h i n  s u r f a c e  l a y e r  i n  a s t a t e  o f  co m p ress io n .  The 
f i e l d  i s  c o n s i s t e n t  w i th  a mechanism o f  a b r a s io n  by s u r f a c e  c r a c k in g ;  
t h e  r e s i d u a l  s t r e s s  i s  a t t r i b u t a b l e  to  th e  wedging open o f  th e  m ic ro ­
c ra c k s  by ab raded  d e b r i s .
B a d r ic k ,  E ld e g h a id y ,  P u t t i c k  and Shahid  (1977) i n v e s t i g a t e d  
s c r a t c h e s  on n e a r  (111) s i l i c o n  s l i c e s  by o p t i c a l  m icroscopy  and 
X -ray  to p o g rap h y . They found t h a t  th e  app ea ran ce  o f  th e  s c r a t c h  
and th e  wide r e s i d u a l  s t r a i n  f i e l d  d e t e c te d  by d i f f r a c t i o n  c o n t r a s t  
a r e  b o th  a n i s o t r o p i c  w i th  r e s p e c t  to  d i r e c t i o n ,  b u t  i n  o p p o s i te  
s e n s e s ;  maximum c h ip p in g  and wear i s  a s s o c i a t e d  w ith  minimum w id th  
o f  s t r a i n  f i e l d  f o r  s c r a tc h e s  i n  o r  n e a r  [J1123 , 1 21111 and E121J 
and v ic e  v e r s a  f o r  C1123, [211] and E121}. They concluded  from a 
s tu d y  o f  th e  to p o g ra p h ic  c o n t r a s t  i n  d i f f e r e n t  r e f l e c t i o n s  t h a t  
th e  lo n g - ra n g e  f i e l d  o f  r e s i d u a l  e l a s t i c  s t r a i n  i s  i n  p la n e  s t r a i n  
com press ion ,  and i s  a s s o c i a t e d  w i th  a system  o f  c ra c k s  o b se rv ed  
by o p t i c a l  m icroscopy .  No ev idence  has  been  found f o r  p l a s t i c  f lo w .
I t  was found by G a l la g h e r  (1952) t h a t  s i l i c o n  can be deform ed 
p l a s t i c a l l y  a t  te m p e ra tu re  above 900°C. M orizane and Gleim (1969) 
found t h a t  th e  s u r f a c e  p r e p a r a t i o n  has  a g r e a t  in f lu e n c e  on th e  s l i p  
p a t t e r n  when p l a s t i c  d e fo rm a tio n  o c c u r s .  A s u r f a c e  damage l a y e r  on 
lap p ed  s l i c e s  w i l l  p ro v id e  u n ifo rm ly  d i s t r i b u t e d  d i s l o c a t i o n  s o u r c e s .
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A method f r e q u e n t l y  used  to  d e te rm in e  v e l o c i t i e s  o f  d i s l o c a t i o n  
i n  sem iconduc to rs  c o n s i s t s  o f  making a s c r a t c h  on a b a r  o f  a d i s l o c a ­
t i o n  f r e e  c r y s t a l .  The b a r  i s  th e n  s t r e s s e d  in  t h r e e - p o i n t  b end ing  
a t  e l e v a t e d  te m p e ra tu re  f o r  a g iv e n  t im e .  D is lo c a t io n  lo o p s  .w i l l  
be  g e n e ra te d  from th e  s c r a t c h .  The d i s t a n c e s  t h a t  d i s l o c a t i o n s  
have moved a r e  u s u a l l y  r e v e a le d  by e t c h in g  r e p o r te d  by C haudhuri ,
P a t e l  and Rubin (1962); SchHfer (1967) .  But P a t e l  and F re e la n d  (1967) 
used  Langf s to p o g ra p h ic  method and th e  advan tage  o f  t h i s  method i s  
t h a t  th e  com plete  d i s l o c a t i o n  lo o p s  a r e  shown on th e  to p o g rap h s  
w hereas  e t c h in g  o n ly  r e v e a l s  th e  p o i n t s  where th e  d i s l o c a t i o n s  i n t e r ­
s e c t  th e  s u r f a c e  o f  th e  specim en.
I t  was shown by Gerward (1970) t h a t  d i s l o c a t i o n  lo o p s  a r e  e m i t ­
te d  a t  te m p e ra tu re s  above 900°C when i n t e r n a l  s t r e s s e s  due to  th e  
s c r a t c h e s  a r e  r e l i e v e d  by p l a s t i c  d e fo rm a t io n .  Gerward (1970) found . 
t h a t  no new d i s l o c a t i o n  lo o p s  a r e  g e n e ra te d  in  r e p e a te d  quench ings  
from i n c r e a s in g  te m p e ra tu r e ,  eg .  from 1000° and 1200°C. The d i s l o ­
c a t i o n s  have o n ly  moved a l i t t l e  f u r t h e r  a f t e r  th e  l a t t e r  q u e n c h i n g , . 
p o s s i b l y  under th e  a c t i o n  o f  th e  sm all  th e rm a l s t r e s s e s  and t h e r e  i s  
no d i f f e r e n c e  between a r a p id  quench and a slow  quench w i th  r e g a r d  to  
th e  g e n e r a t io n  o f  d i s l o c a t i o n s .
John  (1975) r e p o r t e d  t h a t  th e  b r i t t l e - t o - d u c t i l e  t r a n s i t i o n  
i n  p r e - c l e a v e d  s i l i c o n  c r y s t a l s  was r a t e  dependen t and obeyed an 
a c t i v a t i o n  ene rgy  c lo s e  to  t h a t  f o r  t h e r m a l l y - a c t i v a t e d  d i s l o c a t i o n  
g l i d e .
The s t r e s s  f i e l d  i n  th e  ne ighbourhood  o f  th e  a b r a s io n s  d e s c r ib e d  
by F ran k ,  Lawn, Lang and Wilks (1 9 6 7 ) ,  i s  i n  f a c t  a p r e s s u r e  i n  th e
s u r f a c e  o u tw ard ly  d i r e c t e d  from th e  p e r ip h e r y  o f  th e  damaged 
r e g io n ,  and th e  a s s o c i a t e d  s t r a i n  f i e l d  .(see F ig .  5 . 1 a ) .
A d i s t o r t i o n  may be r e p r e s e n t e d  by an a p p r o p r i a t e  a r r a y  o f  
d i s l o c a t i o n s .  I f  th e  a b ra s io n  o r  s c r a t c h  i s  s u f f i c i e n t l y  long  
compared w i th  i t s  w id th  a good r e p r e s e n t a t i o n  w i l l  be a f f o r d e d  
(everyw here  e x c e p t  n e a r  th e  ends)by  a group o f  p a r a l l e l  d i s lo c a t i o n  l i n e s .
B a d r ic k ,  E ld eg h a id y  and P u t t i c k  (fo r th co m in g )  p roposed  a 
t h e o r e t i c a l  model and s im u la te d  th e  s t r e s s  f i e l d  by a group o f  
l i k e - s i g n e d  edge d i s l o c a t i o n s  on th e  same s l i p  p la n e  t o g e th e r  
w i th  t h e i r  c o r re s p o n d in g  images as  shown in  F ig .  (5 .1b ) ,  on th e  a s su m p tio n  
t h a t  th e  mechanism o f  s c r a t c h in g  on a s i l i c o n  s u r f a c e  a t  room 
te m p e ra tu re  i s  s i m i l a r  to  th e  mechanism o f  a b r a s io n  on diamond 
(F ran k ,  Lawn, Lang and W ilks ,  1967) .  B a d r ic k  e t  a l  (^forthcoming) 
examined th e  r e l a x a t i o n  o f  such a s t r a i n  f i e l d  a t  e l e v a t e d  t e m p e r a tu r e .
5 .2  S t r e s s  R e la x a t io n  Round Annealed S c r a tc h
When th e  te m p e ra tu re  i s  s u b se q u e n t ly  r a i s e d ,  th e  minimum shear ,  
s t r e s s  t  f o r  d i s l o c a t i o n  m otion  f a l l s ;  th e  s t r a i n  f i e l d  may th e n  
r e l a x  by th e  g l i d i n g  a p a r t  o f  th e  a r r a y  u n t i l  th e  s h e a r  s t r e s s  
on each  d i s l o c a t i o n  due to  a l l  th e  o t h e r s  h a s  f a l l e n  to  th e  new 
v a lu e  t .
In  th e  p r e s e n t  c a se  th e  s c r a tc h e d  s u r f a c e s  a r e  (111) p l a n e s ,  
so t h a t  th e  r e l a x a t i o n  may he accom plished  by th e  movement o f  u n i t  
d i s l o c a t i o n  on an a c t u a l  s l i p  p la n e  o f  th e  c r y s t a l  and x may be 
i d e n t i f i e d  with, th e  measured s h e a r  s t r e s s  f o r  t h e i r  movement.
The g l i d e  o f  such a group o f  edge d i s l o c a t i o n  d ip o l e s  h a s  been  
so lv e d  (B ad r ic k ,  E ld eg h a id y  and P u t t i c k , -  fo r th c o m in g ) . However, a 
l i m i t i n g  v a lu e  to  th e  w id th  o f  th e  d i s l o c a t e d  r e g io n  i s  re a c h e d  
when th e  d i s t a n c e  between each  p a i r  o f  d ip o l e s  i s  g r e a t e r  th a n  
tw ice  th e  d ep th  o f  th e  d i s l o c a t i o n  below th e  f r e e  s u r f a c e .  The 
s t r e s s  f i e l d  o f  a d i s l o c a t i o n  d ip o le  has  a range  a b o u t e q u a l  to  i t s  
d im en s io n s .  Beyond t h i s  v a l u e ,  t h e r e f o r e ,  th e  r e p u l s i v e  f o r c e  on 
each  d i s l o c a t i o n  i s  e f f e c t i v e l y  z e ro .
5 .3  The R e la x a t io n  P ro c e s s  *
The mechanism o f  s t r e s s  r e l a x a t i o n  i s  v e ry  im p o r ta n t  f o r  
diamond s t r u c t u r e  c r y s t a l s  i n  g e n e ra l  and f o r  s i l i c o n  c r y s t a l s  
in  p a r t i c u l a r .  The g l i d e  o f  such  a group o f  edge d i s l o c a t i o n  d ip o l e s  
a t  e l e v a t e d  te m p e ra tu re  has  been  d i s c u s s e d  in  th e  form o f :
1. F i n i t e  number o f  d ip o l e s
2. I n f i n i t e  number o f  d i p o l e s .
5 . 3 .1  F i n i t e  Number o f  D ip o le s
a .  D ip o le  P a i r
The s im p le s t  c a se  f o r  c o n s id e r a t i o n  i s  t h a t  o f  a  d i p o l e  p a i r  
o f  th e  c o n f ig u r a t io n  as  shown i n  F ig .  5 ,2 a .  The f o r c e  betw een  two 
such  d ip o l e s  g iv e n  by L i (1964) i s
F ( x >y) = 2 i , n 2 i c”  "  2x(x2 ' y2l ]  ( 5 .1 )2 ir ( l -v )  x  (x 2+y2) *
* The t h e o r e t i c a l  model d e s c r ib e d  in  th e  fo l lo w in g  s e c t i o n s  was d ev e lo p ed  
by B ad rick  and P u t t i c k  and th e  co m p u ta tio n  o f  d i s l o c a t i o n  r e l a x a t i o n  c a r r i e d  
o u t  by B ad rick  ( p r i v a t e  com m unica tion).
dynes p e r  u n i t  l e n g th  o f  d ip o le  and one o f  r e p u l s i o n .
Now each  s l i p  p la n e  upon which th e  d ip o l e s  a r e  g l i d i n g  a p a r t  
e x e r t s  a f r i c t i o n  s t r e s s .  There i s  now g e n e ra l  agreem ent among 
i n v e s t i g a t o r s  t h a t  th e  te m p e ra tu re  and s t r a i n  r a t e  dependence o f  
th e  upp er  and low er y i e l d  s t r e s s e s  o f  diamond s t r u c t u r e  c r y s t a l s  
i s  r e p r e s e n t e d  by th e  fo l lo w in g  e q u a t io n ,  su g g es ted  t h e o r e t i c a l l y  
by A lexander  and Haasen (1968) .
xy = Cy en exp (Uy/KT) (5 .2 a )
where Cy, n ,  Uy a r e  c o n s ta n t s  d i f f e r i n g  f o r  upper and low er y i e l d  
s t r e s s e s ,  r e s p e c t i v e l y .
I n  th e  p r e s e n t  d i s c u s s io n  t  may be  i d e n t i f i e d  w i th  th e  low er 
y i.e ld  s t r e s s  in  s i l i c o n  b eca u se  th e  a c c u ra c y  i s  h ig h e r  a t  th a n  
a t  t  ■ (A lexander and H aasen, 1968).  Then e q u a t io n  (5 .2 a )  t e n d s  
t o :
T*y = C£y ^  e * P { \ y / KT} , (5 .2 b )
where n  a r e  c o n s t a n t s ,  i s  an  a c t i v a t i o n  e n e rg y  th e  p a r a ­
m e te r  f o r  s i l i c o n  (see  T ab le  5 .1 )  and e i s  th e  s t r a i n  r a t e .
At any te m p e ra tu re  T°K th e  d ip o le  p a i r  w i l l  c e a s e  moving a p a r t  
when th e  f o r c e  on each  d i s l o c a t i o n  due to  th e  p re s e n c e  o f  th e  o t h e r  
e q u a ls  th e  l a t t i c e  f r i c t i o n  f o r c e ,  i e .  when
27A^CA ta k e n  as  } (Haasen, 1962; 1964; A lexander and H aasen,
f l y 4bB^
1968),  where A and B-^  a r e  c o n s ta n t s  d e te rm in ed  from m acro sco p ic  
ex p e r im en ts
A = 8 .6  x 1CT4 Kg/mm (R eppich , Haasen and I l s c h n e r ,  1964);
Bj_ = 1 .43  x 10® mm^/Kg sec  ( S e i t h o f f  and H aasen, 1968).
The v a lu e  o f  y has  been  ta k en  as  10 ym ( e q u iv a le n t  to  a t y p i c a l
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s c r a t c h  d ep th  6 o f  5 ym) w h i l s t  th e  s t r a i n  r a t e  e = pby s e t  a t  10
—i . • • • r g^ _ i f ,sec  . Assuming t h a t  a t  e q u i l ib r i u m  y = 10 cm sec  , th e  l i m i t  
f o r  d e t e c t i o n  o f  m otion  o f  d i s l o c a t i o n ,  p th e  d i s l o c a t i o n  d e n s i t y  
10^-10^ cm“2. w i th  n^ = 3 and 'U  ^ a s  a p a ra m e te r  ( s e e  T ab le  5 . 1 ) ,  
e q u a t io n  (5 .3 )  h as  b een  so lv ed  f o r  x a s  a f u n c t io n  o f  T (see  F ig .
5 .3  s o l i d  l i n e s ) .
b .  E x te n s io n  to  A rray  Comprising More th a n  Two D ip o le s
For more r e a l i s t i c  s o l u t i o n s  i n  which th e  number o f  d ip o l e s
i s  g r e a t e r  th a n  two, th e  d i s c u s s io n  w i l l  be l i m i t e d  to  th e  c a se
where x » y  o ver  a l a r g e  te m p e ra tu re  regim e a s  deduced from s o l u t i o n s
to  e q u a t io n  ( 5 .3 ) ;  i n  p a r t i c u l a r  to  th e  s o l u t i o n  o v er  th e  te m p e ra tu r e
range  1050°-1650°K, in  w hich  th e  low er y i e l d  s t r e s s  p a ra m e te r  o f  th e
a c t i v a t i o n  ene rgy  f o r  h e a v i ly  doped n - ty p e  s i l i c o n  i s  U = 0 ,6 0  eV.&y
w ith  x » y  th e  e x p re s s io n
[f j - ' * 4  -
x  (x 2+y ) * 3
and th e  f o r c e  betw een th e  two d ip o le s  f o r  c o n s ta n t  y re d u c e s  to
F(x) = • ~kT r ( l -v )  x 3
There a r e  two c a s e s  o f  a f i n i t e  number o f  d i p o l e s :  ( i )  t h r e e  
d ip o l e  c a s e ;  ( i i )  f i v e  d ip o l e  c a s e .
( i )  Three D ip o le  Case
The f o r c e  a c t i n g  upon th e  d ip o l e ,  s i t u a t e d  a t  p o s i t i o n  A, 
due to  th e  o th e r  two d ip o le s  i s  th e  sum o f  two term s o f  th e  ty p e  
g iv e n  by e q u a t io n s  ( .5 .5 ) ,  see  F ig .  5 .2 b .
Fa  = FCxj) + F (2x1)
i e  F  =  6 Y 2 y b  r _ _ L _ _  +  i  ~i _  2. p f-v  \
A -  2 ,C l-v )  C( x i ) 3 C2x i ) 3 ] -  8 1>
and th u s  a t  e q u i l ib r iu m  a t  te m p e ra tu re  T,
6 y W  9 1 = 2 b
2tt( 1 - v ) • 8 (  . 3  &y
i e .  -  -g F (Xl) = 2 - r ^ .b
and s in c e  th e  e q u i v a l e n t  e x p re s s io n  f o r  th e  two d ip o l e s  c a s e  i s
and th u s  X1 = x (5 .6 )
v a lu e s  o f  x-^  t o g e th e r  w i th  th o se  o f  x  th e  s e p a r a t i o n  f o r  th e  two 
d ip o le  c a se  as  a f u n c t io n  o f  te m p e ra tu re  a r e  shown i n  T ab le  ( 5 . 2 ) .
( i i )  F iv e  D ip o le  Case
The f o r c e  a c t i n g  upon th e  d ip o l e  a t  A, F^ i s  th e  sum o f  fo u r  
te rm s o f  th e  ty p e  g iv e n  by e q u a t io n  ( .5 .5 ) ,  see  F ig .  5 ,2 c
Fa  = F ( x 2 ) + F ( x 2+x 1 ) + F ( x 2 + 2X;l) + F ( 2 x 2 + 2 x p
6v2yb2 r 1 . 1 1 , 1
1 * A “  L--------o +    +  o +--------- ---------
u ~v; (* 2) (x 2+:xl ) 3 (x 2+2xi ) (2x 2+2^1)
w h ile  th e  f o r c e  a c t i n g  upon th e  d ip o l e  a t  B i s  g iven  by th e  e q u a t io n :
FB = -  F ( x 2 ) + F ( x p  + F ( 2 x p  + F ( x 2 +2x 1 )
i e . F = [ .  1 + + _ 1  +  1 ]
11 V (x2) (xq) (2xp (x 2 +2x1)
At e q u i l ib r i u m  a t  te m p e ra tu re  T°K
-  Fa = 2t .b (5 .7 )A $y
- FB = 2V b  (5>8)
X1The s o l u t i o n s  to  e q u a t io n s  (5 .7 )  and (5 .8 )  y i e l d  a v a lu e  o f  —  = 0 .8 0
X2
x l +x2I n d iv i d u a l  v a lu e s  o f  and X2 an^ tb e  mean —  a r e  g iv e n  i n  
T ab le  (5 .2 )  to g e th e r  w i th  th e  v a lu e s  o f  x  from th e  s o l u t i o n  o f  
e q u a t io n  (5 .3 )  and th e  v a lu e s  o f  x^ from e q u a t io n  C5#6 ) ,
5 ° 3 .2  I n f i n i t e  Number o f  D ip o le s
The e x t e n s io n  o f  th e  model to  an i n f i n i t e  number o f  d i p o l e s ,  
s ee  F ig .  5 .2 d ,  a s c r a t c h  o f  i n f i n i t e  w id th  i s  r e a l i s e a b l e  th ro u g h  
an e x p re s s io n  due to  L i (1964) . A ccording  to  L i  th e  f r e e  ene'rgy 
p e r  d ip o l e  w i th i n  th e  i n f i n i t e  a r r a y  o f  e q u a l ly  spaced d ip o l e s  a r e  
r e l a t i v e  to  a s t a b l e  i s o l a t e d  edge d i s l o c a t i o n  d i p o l e  i s  g iv e n  b y  
th e  e x p r e s s io n
2 2 ......................., o  . lo g  s in h  X+sin a -u-v_ yb^ P , ■ e  , XsrnhXcoshX , n
A G "  T tT ct-^o 15 Z 2 + ~':~T2 ~ : ~ r r "v 2X sxnh X+s m  a
p e r  u n i t  l e n g t h  o f  d i p o l e ,  where
For c o n s t a n t  x and y w ith , a  = 0 ,  t h e  above e x p r e s s io n  re d u c e s  to
AG ■ 2 ^ )  C* + * « • « *  -  *3
Thus th e  f o r c e  e x e r t e d  by u n i t  d ip o le  upon a l l  o th e r s  w i th  th e  a r r a y  
i s
‘1 ^  ■ • 'I - ^  <?> * <?>= <=•»
At e l e v a te d  te m p e ra tu re s  th e  d ip o l e  s e p a r a t i o n  d i s t a n c e  i n c r e a s e s  
a s  th e  f r i c t i o n  s t r e s s  i s  low ered  and th e  f o r c e  e x e r t e d  by th e  u n i t  
d ip o l e  w i l l  be ex p e r ie n c e d  by n e a r e s t  n e ig h b o u rs  o n ly c Thus i f  d i p o l e  
i n t e r a c t i o n  i s  ig n o red  w i th i n  th e  a r r a y ,  th e n  a t  e q u i l i b r i u m  a t  T°K, 
e q u a t io n  (5 .9 )  t e n d s  to
c o th  {— } + - cosech^ {— }]
1
2CZy-enS,y .exp{U£y/KT} ( 5 . 1 0 )
i e . [ | ^ ] v . = 2t .b9x Y=const £y
w i th  U^y as  a  p a ram e te r  and t a k in g  th e  same v a lu e s  o f  C^y , n^y and 
e a s  u sed  p r e v io u s ly  f o r  th e  s o l u t i o n  o f  e q u a t io n  (5 ,3 )  th e n  e q u a t io n
(5 .1 0 )  has  been  so lv ed  f o r  x a s  a  f u n c t i o n  o f  T, see F ig .  5 .3  d o t t e d  
l i n e s .
5o4 E x p e r im en ta l  R e s u l t s  o f  A nnealed S c ra tc h e s
There a r e  two examples o f  th e  s c r a t c h e s  p a r a l l e l  to  <112> and 
<110> d i r e c t i o n s  r e s p e c t i v e l y ,  made by a  m ic ro h a rd n ess  i n d e n t e r  on 
a  n e a r  (111) s i l i c o n  s u r f a c e  and a n n ea led  o v er  th e  te m p e ra tu re  ra n g e  
900°-1200°C. The c r y s t a l s  were grown by th e  f lo a t in g - z o n e  m ethod, 
d i s l o c a t i o n  f r e e ,  saw damage f r e e  and l i g h t l y  doped w i th  p h o sp h o ru s .
The f i r s t  example i s  a  s c r a t c h  p a r a l l e l  t o  th e  C1123 d i r e c t i o n  
made by a V ick e rs  diamond in d e n te r  i n  th e  form  o f  a pyram id o f  136° 
a n g le  lo a d ed  to  50 gm a s  shown i n  F ig .  4 .1 2 ,  C hap ter  4 .  The 
s c r a t c h  was an n ea led  a t  900°C, 1000°C, 1100°C and 1200°C r e s p e c t i v e l y  
i n  p u re  a rg o n  a tm osphere  f o r  one h o u r .  F ig .  5 .4  shows th e  p r o j e c t i o n  
to p o g rap h s  o f  th e  an n ea led  s c r a t c h  p a r a l l e l  to  th e  [112]  d i r e c t i o n  
a t  900°C, 1000°C and 1100°C r e s p e c t i v e l y ,  ta k e n  in  th e  220 r e f l e c t i o n ,  
MoKa^ r a d i a t i o n .  The r e c i p r o c a l  l a t t i c e v e c t o r  g i s  norm al to  th e  
s c r a t c h  leng tho
(a)
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(b)
Fig. 5.1
(a) Stress field of surface abrasion
(b) Representation of stress field of scratch by
a group of parallel like signed edge dislocations 
with corresponding images
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Fig. 5.2 Dipole configurations considered
(a) Two dipoles
(b) Three dipoles
(c) Five dipoles
(d) Infinite number of dipoles
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The m ost s t r i k i n g  f e a t u r e  o f  Figo 5 .4  i s  th e  p re s e n c e  o f  th e  
numerous long  com ple te  lo o p s  o f  d i s l o c a t i o n  normal t o ' t h e  s c r a t c h  
l e n g th  and p a r a l l e l  to  th e  su rface , .  There a r e  numerous i n t e r e s t i n g  
d e t a i l s  o f  th e  d i s l o c a t i o n  a r r a y  which a r e  th e  r e s u l t  o f  p l a s t i c  
f lo w  around th e  damaged a r e a .  The ap p ea ran ce  o f  th e  d i s l o c a t i o n
d o u b le t  w i th  h ig h  r e s o l u t i o n  and b e s t  v i s i b i l i t y  i s  i n t e r e s t i n g  i n
• '  f  * ♦i t s e l f .  The av e ra g e  o f  th e  t o t a l  d i s l o c a t i o n  d o u b le t  w id th  i s  ab o u t
15 ym. T h is  phenomenon was ab se rv ed  a l s o  by J e n k in s o n  and Lang
(1962) .  Tanner (1976) n o te d  t h a t  th e  h ig h e r  t h e  v i s i b i l i t y  th e
b e t t e r  th e  r e s o l u t i o n  and th e  b e s t  d i s l o c a t i o n  v i s i b i l i t y  o c c u rs
un d er  low a b s o r p t io n  c o n d i t i o n s ,  i e .  y t < l  i s  s a t i s f i e d  p e r m i t t i n g
s t r o n g  e x t i n c t i o n  c o n t r a s t  to  develop  in  d i s t o r t e d  r e g i o n s .  Such
s t r o n g  c o n t r a s t  i s  ind eed  observed  coming from th e  w ide s t r a i n  f i e l d
o f  th e  s c r a t c h  made p a r a l l e l  to  th e  C112] d i r e c t i o n .
I t  i s  t h e r e f o r e  n a t u r a l  to  c o n s id e r  th e  r e l a x a t i o n  o f  s t r e s s  
a round a s c r a tc h e d  r e g io n  d u r in g  the  a n n e a l in g  p ro c e s s  in  term s o f  
d i s l o c a t i o n  g l i d e  i n  th e  ( h i ) p l a n e .  The p re s e n c e  o f .a  f i n i t e  number 
o f  com ple te  lo o p s  o f  d i s l o c a t i o n  i s  c o n s i s t e n t  w i t h  th e  p r e d i c t i o n  
o f  th e  m odel. A f te r  a n n e a l in g  a t  1000°C and 1100°C r e s p e c t i v e l y  
t h e r e  i s  l i t t l e  change i n  th e  d i s l o c a t i o n  c o n f i g u r a t i o n .  U n f o r tu n a te ly  
th e  r e s u l t s  from th e  a n n e a le d  s c r a t c h  a t  1200°C co u ld  n o t  be  in c lu d e d  
i n  t h i s  s e r i e s  b ecau se  o f  th e  i n t e r a c t i o n  o f  t h e  d i s l o c a t i o n  g l i d e
i n  th e  s u r f a c e  w i t h  t h a t  o r i g i n a t i n g  from th e  r e s i d u a l  damage a t  th e
edge o f  th e  specim en as  shown i n  F ig s  4 .1 8  and 4 .1 9 ,  C hap te r  4 .
The d i s l o c a t i o n  s e p a r a t io n  d i s t a n c e  o f  t h e  co m p le te  lo o p s  
was m easured on th e  o r i g i n a l  to p o g rap h s  b y  u s in g  a s ta g e  o f  t h e  Wild
M icroscope which was t r a v e r s e d  i n  two o r th o g o n a l  d i r e c t i o n s  by 
a c c u r a t e  m ic ro m e te rs .  The means and s ta n d a rd  d e v i a t i o n s  o f  th e  
s e p a r a t i o n  m easured in  t h i s  way a r e  g iv e n  in  T ab le  5»3a as  a 
f u n c t i o n  o f  te m p e ra tu r e .  These means and s ta n d a rd  d e v i a t i o n s  o f  
th e  s e p a r a t i o n  o f  th e  com ple te  lo o p s  o f  d i s l o c a t i o n  p l o t t e d  a s  
a f u n c t i o n  o f  te m p e ra tu re  i s  shown i n  F ig .  5 . 7 . ,  The p l o t s  f a l l  
around th e  c a l c u l a t e d  cu rve  o f  a c t i v a t i o n  en e rg y  f o r  0 .9 2  eV«
However, th e  e x p e r im e n ta l  r e s u l t s  f i t  w e l l  w i th  th e  c a l c u l a t e d  
cu rve  o f  th e  two d ip o le  model f o r  l i g h t l y  doped p h o sp h o ru s ,  see  
T ab le  5 .1  f o r  s i n g l e  s l i p  o r i e n t a t i o n  (A lexander and Haasen (1 9 6 8 ) ) .
I t  was n o t i c e d  t h e r e  were a few in c o m p le te  lo o p s  o f  d i s l o c a t i o n  
lying in  th e  same p la n e .  There i s  no e x p la n a t io n  o f  th e  a p p ea ran ce  o f  
h a l f  lo o p s  i n  th e  o r i e n t a t i o n  o f  th e  s c r a t c h  p a r a l l e l  to  th e  [112 ]  
d i r e c t i o n .  The h a l f  loops  o r  in c o m p le te  lo o p s  o f  d i s l o c a t i o n  a r e  
m a in ly  g e n e ra te d  from s c r a t c h e s  p a r a l l e l  to  <110> and [112 ]  d i r e c t i o n s  
a s  d i s c u s s e d  in  C hap ter  4 .  These d i s l o c a t i o n s  m a in ly  i n t e r s e c t  
t h e  s u r f a c e  and t h e r e f o r e  l i e ,  i n  a s l i p  p la n e  i n c l i n e d  to  th e  p la n e  
o f  a s c r a t c h .
A s t e r e o  p a i r  o f  th e  same s c r a t c h  [112]  b u t  a f t e r  a n n e a l in g  a t  
1000°C was ta k e n  i n  th e  220 and 220 r e f l e c t i o n s ,  MoKa^ r a d i a t i o n  
a s  shown i n  F ig .  5 .5  d e te rm in in g  th e  p o s i t i o n  o f  th e  d i s l o c a t i o n s .
A l l  th e  d i s l o c a t i o n s  g l i d e  i n  a s i n g l e  (111) p la n e  n e a r l y  p a r a l l e l  
to  th e  s u r f a c e .
The second example i s  a s c r a t c h  p a r a l l e l  to  th e  [110 ]  d i r e c t i o n  
made by th e  same V ick e rs  diamond pyramid and th e  same lo a d  50 gm as  
shown i n  F ig s .  4 .14  and 4 .1 5 ,  C hap te r  4 ; th e n  an n ea led  a t  1000°C,
1100°C and 1200°C r e s p e c t i v e l y  i n  pu re  a rgon  atm osphere  f o r  one h o u r .
F ig .  5 .6  shows th e  p r o j e c t i o n  topog raphs  o f  th e  s c r a t c h  p a r a l l e l  
to  th e  [110 ]  d i r e c t i o n  fo l lo w in g  th e  a n n e a l in g  a t  1000°, 1100° and
1200°C r e s p e c t i v e l y ,  ta k e n  i n  th e  111 r e f l e c t i o n  in  Mo Ka^ r a d i a t i o n .
•  •  •  •  #The p r o j e c t i o n  o f  th e  r e c i p r o c a l  l a t t i c e  v e c t o r  g i s  norm al to  th e
s c r a t c h  l e n g th .  The long  com plete  loops o f  d i s l o c a t i o n  a r e  e v id en ce  f o r  
p l a s t i c  f low  around th e  damaged a r e a .  The p re s e n c e  o f  s i n g l e  com ple te  
loops  o f  d i s l o c a t i o n  g l i d i n g  i n  (111) p la n e  i s  c o n s i s t e n t  w i th  th e  
p r e d i c t i o n  o f  th e  m odel. The d i s l o c a t i o n  s e p a r a t i o n  d i s t a n c e  o f  th e  
com plete  loops  was m easured on th e  o r i g i n a l  to p og raphs  u s in g  th e  same 
Wild M icroscope as d e s c r ib e d  p r e v io u s l y .  The means and s ta n d a rd  
d e v i a t i o n s  o f  th e  s e p a r a t i o n s  m easured i n  th e  same way f o r  th e  s c r a t c h  
p a r a l l e l  to  th e  [112] d i r e c t i o n ,  a r e  g iv e n  in  T ab le  5 .3 b  as  a f u n c t i o n  
o f  te m p e ra tu r e ,  and p l o t t e d  i n  F ig .  5 .7 .
The p l o t s  f a l l  betw een th e  c a l c u l a t e d  cu rv es  o f  a c t i v a t i o n  e n e r g i e s  
0,-92ev and 1 .28ev  r e s p e c t i v e l y .  However, th e  e x p e r im e n ta l  r e s u l t s  
f i t  w e l l  w i th  th e  c a l c u l a t e d  curve  o f  a c t i v a t i o n  en e rg y  f o r  1 .2 8 ev  o f  
th e  two d ip o le  model f o r  s i l i c o n  c r y s t a l s  l i g h t l y  doped w i th  
p h o sp h o ru s ,  ( s e e  Table  5 .1  f o r  symmetric o r i e n t a t i o n  [1 1 0 ] ,  A lex an d e r  
and Haasen (1968))..
From th e  B urgers  v e c t o r  a n a l y s i s  i n  C hap te r  4 , i t  was found 
t h a t  th e  long  com plete  loops  o f  th e  d i s l o c a t i o n  g e n e ra te d  from the  
a n n e a le d  long  s c r a t c h e s  p a r a l l e l  to  th e  [112]  and [110 ]  d i r e c t i o n s  
r e s p e c t i v e l y ,  have t h e i r  B urgers  v e c t o r s  i n  th e  p la n e  o f  th e  specim en 
and may be in  th e  [110]  and [011] d i r e c t i o n s  r e s p e c t i v e l y .
b e d  e  f 9  h
(a)
(c)
F i g .  5 .4  T r a n s m i s s i o n  X -ra y  to p o g r a p h s  o f  a lo n g  s c r a t c h
p a r a l l e l  t o  t h e  [1 1 2 ]  d i r e c t i o n ,  made on n e a r  (1 1 1 )  
s i l i c o n  s u r f a c e  p h o s p h o ru s  l i g h t l y  d o p e d ,  u s i n g  a 
V ic k e r s  diamond p y ram id  lo a d e d  t o  50 gm, t h e  same 
s c r a t c h  a s  .shown i n  F i g .  4 . 1 6 ,  C h a p te r  4 ,  b u t  
a n n e a le d  a t  ( a ) ’ 900°C (b )  1000°C (c )  1100°C , f o r  
one h o u r .  220 r e f l e c t i o n  in  MoKa^ r a d i a t i o n ,  x 4 8 .
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Fig. 5.6 Transmission X-ray_topographs of a long scratch 
parallel to the [110] direction, made on near 
(111) silicon surface phosphorus lightly doped, 
using a Vickers diamond pyramid loaded to 50 gm, 
the same scratch as shown in Fig„ 4.22, Chapter 4, 
but annealed at (a) 1000°C (b) 1100°C (c) 1200°C, 
for one hour. Ill reflection in MoKa-. radiation, 
x 48.
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2 1 7
5 , 5  D i s c u s s i o n
The p a ra m e te r  o f  p r a c t i c a l  s i g n i f i c a n c e  i s  th e  t o t a l  w id th  o f  
th e  d i s l o c a t e d  r e g io n  a f t e r  a n n e a l .  For n  d i s l o c a t i o n s  t h i s  w i l l  
be (n - l)M , where M i s  th e  mean d i s l o c a t i o n  s e p a r a t i o n  d i s t a n c e .  For 
a f i n i t e  number o f  d ip o l e s  i n  h e a v i ly  doped s i l i c o n  (up to  a t  l e a s t  
f i v e )  th e  w id th  o f  th e  r e la x e d  r e g io n  i s  to  a good ap p ro x im a tio n  
( w i th in  3%), (n - l)M 2 where M2 i s  th e  d ip o l e  p a i r  s e p a r a t io n  f o r  th e  
two d ip o l e  c a se  (see  t a b l e  5 .2 ,  f ig .  5 .3  s o l i d  l i n e s ) ; t h i s  one would 
e x p e c t ,  s in c e  from e q u a t io n  (5 .5 )  th e  f o r c e  betw een any two d ip o l e s  
i s  p r o p o r t i o n a l  to  X i e .  th e  f o r c e  f i e l d  i s  s h o r t  ra n g e d ,  e s p e c i a l l y  
when one compares i t  to  t h a t  e x e r t e d  betw een two edge d i s l o c a t i o n s  in  
th e  b u lk  o f  a c r y s t a l  ly in g  upon th e  same s l i p  p la n e ,  where th e  f o r c e  
i s  p r o p o r t i o n a l  to  X” 1.
The in f l u e n c e  o f  th e  s u r f a c e  i s  th u s  to  p roduce  a more ev e n ly  
spaced  and more t i g h t l y  packed  a r r a y  o f  l i k e  s ig n e d  edge d i s l o c a t i o n s  
i n  c l o s e  p a r a l l e l  p ro x im ity  to  i t  th a n  i f  th e  d i s l o c a t i o n s  were f a r  
removed from i t  w i th in  th e  b u lk .  For h ig h e r  numbers o f  d ip o l e s  th e  
w id th  o f  th e  s l ip p e d  r e g io n  w i l l  l i e  be tw een  (n - l )M 5 -  (n - l )M 2 and 
( n - l ) ^  , where Moo i s  th e  p a i r  s e p a r a t i o n  f o r  th e  i n f i n i t e  a r r a y  d e p i c t e d  
i n  F ig .  5 .3 .  d o t t e d  l i n e s .
Over th e  whole ran g e  o f  t e m p e r a t u r e  and a c t i v a t i o n  e n e rg y ,  M 
c o n t in u e s  to  i n c r e a s e ,  a l th o u g h  more s lo w ly  a t  h ig h e r  t e m p e r a tu r e s ;  th e  
d i f f e r e n c e  betw een and M5 becoming s i g n i f i c a n t l y  l e s s  as  h ig h e r  
te m p e ra tu re s  a r e  a c h ie v e d .  Moreover th e r e  ap p e a rs  to  be no te m p e ra tu r e  
a t  which r e l a x a t i o n  can be s a id  to  be com ple te .
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For a f i n i t e  number o f  d i s l o c a t i o n s  i n  l i g h t l y  doped s i l i c o n  
w ith  p h o sp h o ru s ,  th e  t o t a l  w id th  o f  th e  d i s l o c a t e d  r e g io n  a f t e r  
a n n e a l in g  a t  1100°C i s  s l i g h t l y  more th a n  t h a t  a f t e r  a n n e a l in g  a t  
1000°C. The r a i s i n g  o f  th e  te m p e ra tu re  o f  th e  p r e v io u s ly  a n n ea led  
specim en from 1000°C to  1100°C prom otes f u r t h e r  r e l a x a t i o n .  T h is  
r e s u l t  has  im p l i c a t i o n s  f o r  a n n e a l in g  p r a c t i c e ,  i n  p a r t i c u l a r  th e  
v a l i d i t y  o f  u s in g  s c r a t c h e s  to  induce  d i s l o c a t i o n s  in  s t u d i e s  o f  
d i s l o c a t i o n  movement; s in c e  d u r in g  such e x p e r im e n ts ,  i t  i s  
g e n e r a l ly  assumed t h a t  a s i n g l e  an n ea l  i s  s u f f i c i e n t  to  r e l a x  th e  
a r r a y .
The w id th  o f  th e  d i s l o c a t e d  zone w i l l  a l s o  depend upon th e  
s c r a t c h  d ep th  and o r i e n t a t i o n ,  i e .  upon th e  d i s l o c a t i o n  and i t s  
image s e p a r a t io n  d i s t a n c e  y .  I n  th e  model i t  was assumed t h a t  a 
s c r a t c h  d ep th  i s  5ym, w h ile  o f  th e  d ep th s  o f  th e  s c r a t c h e s  p roduced  
were abou t 2ym u s in g  V ick e rs  diamond Pyramid loaded  to  50gm.
The d ep th  o f  the  s c r a t c h  was m easured e x p e r im e n ta l ly  by an o p t i c a l  : 
te c h n iq u e .  The d i s l o c a t i o n  s e p a r a t i o n  d i s t a n c e  o f  th e  com ple te  lo o p s  
were m easured i n  th e  o r i g i n a l  to p og raphs  o f  th e  a n n ea led  s c r a t c h e s ,  
in  th e  range  o f  900°C -  1200°C, by u s in g  th e  Wild M icroscope in  th e  
way i l l u s t r a t e d  i n  F ig s  5 .4  and 5 .6  ( s e e  T ab les  5 .3 a  a n d .5 . 3 b ) .  I t  
was found ( a f t e r  d i f f e r e n t  a t t e m p ts  f o r  m easuring  th e  d i s l o c a t i o n  
s e p a r a t i o n  d i s t a n c e  o f  th e  com plete  lo o p s )  t h a t  th e  method d i s c u s s e d  
above i s  more r e a l i s t i c  and p r a c t i c a l .
F ig .  5 .5  i s  a s t e r e o  p a i r  o f  topog raphs  o f  an a n n e a le d  s c r a t c h  
which was made p a r a l l e l  to  th e  [112] d i r e c t i o n ,  and i t s  ap p ea ran ce  
when viewed s t e r e o s c o p i c a l l y  i s  c o n s i s t e n t  w i th  d i s l o c a t i o n  g l i d e  i n
a s i n g l e  (111) p la n e  n e a r l y  p a r a l l e l  to  th e  s u r f a c e .
The p l o t s  o f  th e  means and s ta n d a rd  d e v i a t i o n s  o f  th e  d i s l o c a t i o n  
s e p a r a t io n  d i s t a n c e  o f  th e  com plete  loops  which were m easured , in  t h i s  
way, f a l l  w i th i n  the  band o f  v a lu e s  ( 0 .8 0  < U ^ 1 .28ev) f o r  th e  
doped c r y s t a l ,  and a r e  c o n s ta n t  in  th e  ran g e  o f  1000°C to  1200°C which 
i s  c o n s i s t e n t  w i th  th e  t h e o r e t i c a l  model ( B a d r i c k  e t  a l . ,  f o r th c o m in g ) .
The means and s ta n d a rd  d e v i a t i o n s  o f  th e  d i s l o c a t i o n  s e p a r a t i o n  
d i s t a n c e  o f  th e  com plete  loops  which were g e n e ra te d  from th e  a n n e a le d  
s c r a t c h  p a r a l l e l  to  th e  [112]  d i r e c t i o n  o ver  th e  te m p e ra tu re  ra n g e  o f  
900°C -  1100°C, f a l l  around th e  c a l c u l a t e d  c u rv es  o f  a c t i v a t i o n  e n e rg y  
o f  0 .8 0 e v  and 0 .9 2 e v .  The p l o t s  o f  th e  e x p e r im e n ta l  r e s u l t s  f i t  w e l l  
w i th  th e  two d ip o le  model as  seen  in  F ig .  5 .7 .  ’ The p l o t s  f i t  b e t t e r  
w i th  th e  c a l c u l a t e d  curve o f  a c t i v a t i o n  ene rgy  0 .9 2 ev  th a n  t h a t  o f
0 .8 0 e v .  T h is  v a lu e  o f  th e  a c t i v a t i o n  en e rg y  i s  i n  good agreem ent w i th  
t h a t  found in  u n i a x i a l  t e n s i l e  t e s t s  on l i g h t l y  doped n - ty p e  c r y s t a l s  
o r i e n t e d  f o r  s i n g l e  s l i p  (A lexander and H aasen , 1968).
The sen se  e f f e c t  o f  s c r a t c h in g  s i l i c o n  c r y s t a l s  i n  th e  [112]  
d i r e c t i o n  i s  s t r o n g e r  th an  t h a t  in  th e  o p p o s i te  d i r e c t i o n ,  i n  g e n e r a t i n g  
com plete  long  loops  o f  d i s l o c a t i o n  as  d i s c u s s e d  in  C hap te r  4 . The 
im p o r ta n t  a s p e c t s  which a r e  to  be n o te d  a r e ,  f i r s t ,  t h a t  th e  a n i s o t r o p y  
o b se rv ed  in  th e  s t r a i n  f i e l d s  o f  th e  s i m i l a r  ty p e  o f  s c r a t c h e s  b e f o r e  
a n n e a l in g  (B ad r ick  e t  a l ,  1977) i s  r e f l e c t e d  in  th e  e x t e n t  o f  g l i d e  
a f t e r  a n n e a l in g ,  and second , t h a t  th e  n a t u r e  o f  th e  a r r a y  depends a l s o  
on th e  s c r a t c h  o r i e n t a t i o n .  The g r e a t e s t  e x t e n t  o f  g l i d e  o c c u rs  from 
th e  wide f i e l d  o f  the  [112] s c r a t c h e s  r e v e a le d  by X -ray to p o g rap h y .
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The ty p e  o f  s i n g l e  com plete  loop o f  d i s l o c a t i o n  g e n e ra te d  from 
th e  a n n e a le d  s c r a t c h  in  th e  [110]  d i r e c t i o n  fo l lo w in g  th e  a n n e a l in g  
a t  1000°C up to  1200°C as seen  in  F ig .  5 .6 ,  i s  th e  same ty p e  o f  
d i s l o c a t i o n  loop e m it te d  from s c r a t c h e s  on s i l i c o n  c r y s t a l s  a f t e r  
quench ing  from 1200°C observed  by Gerward (1 9 7 0 ) .  Gerward d id  n o t  
r e p o r t  th e  d i r e c t i o n  o f  s c r a t c h i n g  o r  c r i t i c a l  lo ad  in  h i s  e x p e r im e n ts .  
However, h i s  p i c t u r e s  appea r  r a t h e r  s i m i l a r  to  our to p o g rap h s  o f  [112] 
o r  [110]  s c r a t c h e s  ta k e n  in  111 r e f l e c t i o n ,  so th e se  may be p r o v i s i o n a l l y  
assumed.
I n  c r y s t a l s  quenched from te m p e ra tu re s  above 900°C, d i s l o c a t i o n  
lo o p s  were formed. Thus a t  th e s e  te m p e ra tu re s  th e  m a t e r i a l  has  become so 
d u c t i l e  t h a t  th e  i n t e r n a l  s t r e s s e s  can be r e l i e v e d  by p l a s t i c  d e fo rm a tio n  
(Gerward, 1970).
I t  i s  assumed th a t  one type  o f  d i s l o c a t i o n  g l i d e s  i n  {111} p la n e  b u t  
th e  o th e r  s l ip p e d  i n  th e  (111) p la n e  i n c l i n e d  to  the  (111) p la n e  o f  th e  
s u r f a c e  as  d i s c u s s e d  i n  C hap te r  4.
M orizane and Gleim (1969) e x p la in e d  th e  s l i p  d i r e c t i o n s  and th e  s l i p  
p la n e s  on th e  fo l lo w in g  h y p o th e s i s :  t h a t  th e  s l i p  o ccu rs  when th e  r e s o lv e d  
s h e a r  component a long  a s l i p  system  re a c h e s  a c r i t i c a l  v a lu e  b u t  t h a t  th e  
c r i t i c a l  v a lu e  i s  low er when th e  two o r  more s l i p  system s a r e  e q u a l ly  s t r e s s e d .  
The lower c r i t i c a l  v a lu e  o f  s h e a r  s t r e s s  f o r  m u l t i p l e  s l i p  may be due to  
d i f f e r e n t  mechanisms o f  d i s l o c a t i o n  m u l t i p l i c a t i o n  in  t h i s  c a s e  r a t h e r  th a n  
th e  c a se  o f  s i n g l e  s l i p .
The p l o t s  o f  th e  means and s ta n d a rd  d e v i a t i o n s  o f  th e  d i s l o c a t i o n  
s e p a r a t i o n  d i s t a n c e  o f  th e  com plete  loops  which were g e n e r a te d  from th e  
a n n ea led  s c r a t c h  in  th e  [110] d i r e c t i o n  as  s een  in  F ig .  5 .6  and T ab le  5 .3 b ,  
f i t  w e l l  w i th  th e  c a l c u l a t e d  curve  o f  a c t i v a t i o n  energy  f o r  1 .2 8 e v  as  s een  
in  F ig .  5 .7 .  T h is  v a lu e  a g re e s  w e l l  w i th  t h a t  d e te rm in ed  f o r  c r y s t a l s
2 2 1
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o r i e n t e d  f o r  double  s l i p j b y  A lexander and Haasen (1968) .
The s t r e s s e s  around s c r a t c h e s  i n  s i l i c o n  a r e  r e l i e v e d  d u r in g  
a n n e a l in g  by d i s l o c a t i o n  g l i d e ,  m a in ly  i n  th e  {111} p la n e  p a r a l l e l  to  
th e  s u r f a c e .  T h is  i s  c o n s i s t e n t  w i th  th e  f i e l d  o f  com press ive  s t r e s s e s  
a round a b r a s io n s  on diamond s u r f a c e s  p ro p o sed  by F rank , Lawn, Land and 
W ilks (1967) and aLso i s  c o n s i s t e n t  w i th  th e  model p o s t u l a t e d  by B a d r ic k ,  
E ld eg h a id y  and P u t t i c k , ( f o r t h c o m i n g )  which s i m u l a t e s  th e  s t r e s s  f i e l d  
by a group o f  l i k e - s i g n e d  edge d i s l o c a t i o n s  w i th  t h e i r  c o r re sp o n d in g  
im ages.
The r e l a x a t i o n  o f  th e  r e s u l t a n t  d ip o l e  a r r a y  f o r  a f i n i t e  and 
i n f i n i t e  number o f  d ip o le s  has  been  examined a t  e l e v a t e d  te m p e r a tu r e s .  
The e x p e r im en ts  c a r r i e d  o u t  i n  s c r a t c h i n g  s i l i c o n  s l i c e s  from c r y s t a l s  
grown by th e  F lo a t in g -Z o n e  method i n  th e  [112]  and [110] d i r e c t i o n s ,  
th e n  fo l lo w ed  by a n n e a l in g  th e  s c r a t c h e s  i n  th e  te m p e ra tu re  ra n g in g  
from 900°C -  1200°C f o r  one hour i n  p u re  a rgon  a tm osphere .  The r e s u l t s  
o b ta in e d  from th e  b e s t  c h a r a c t e r i z e d  s i l i c o n  m a t e r i a l ,  d i s l o c a t i o n  f r e e ,  
saw damage f r e e ,  l i g h t l y  doped w i th  p h o sp h o ru s .  They a r e  i n  good 
agreem ent w i th  th e  t h e o r e t i c a l  model w i th i n  th e  band o f  v a lu e s  o f  
a c t i v a t i o n  ene rgy  (0 .8  ,< U<1.28 eV ).
The main c o n c lu s io n s  drawn a r e :
1. Over th e  whole ran g e  o f  t e m p e ra tu re s  and a c t i v a t i o n  
e n e rg y ,  th e  mean v a lu e  o f  d i s l o c a t i o n  s e p a r a t i o n  
d i s t a n c e  c o n t in u e s  to  i n c r e a s e  b u t  l e s s  r a p i d l y  a t  
h ig h e r  te m p e ra tu re .
2. There  i s  no te m p e ra tu re  a t  which r e l a x a t i o n  i s  co m p le te .
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The in f lu e n c e  o f  th e  a c t i v a t i o n  ene rgy  i s  s t r o n g  
o v e r  th e  whole range  o f  te m p e ra tu re .
The w id th  o f  th e  r e la x e d  a r r a y  i s  s i g n i f i c a n t l y  
dependen t upon th e  s c r a t c h  d ep th  and o r i e n t a t i o n .
The mean v a lu e  o f  th e  d i s l o c a t i o n  s e p a r a t io n  d i s t a n c e  
from th e  com plete  loops  which were genera ted- from th e  
a n n ea led  s c r a t c h  in  th e  [112] d i r e c t i o n ,  o ve r  th e  
te m p e ra tu re  range  o f  900°C -  1100°C, f i t s  w e l l  w i th  
th e  c a l c u l a t e d  cu rve  o f  a c t i v a t i o n  energy  f o r  0 .9 2  eV. 
The mean v a lu e  o f  th e  d i s l o c a t i o n  s e p a r a t i o n  d i s t a n c e  
from th e  com plete  loops  which were g e n e ra te d  from th e
—. S
a n n e a le d  s c r a t c h  in  th e  [110] d i r e c t i o n ,  o ver  th e  
te m p e ra tu re  range  o f  1000° -  1200°C, f i t s  w e l l  w i th  
th e  c a l c u l a t e d  curve  o f  a c t i v a t i o n  energy  f o r  1 .2 8  eV. 
I n  l i g h t l y  doped n - ty p e  s i l i c o n  w i th  p h o sp h o ru s ,  th e  
w id th  o f  the  r e l a x e d  a r r a y  f o r  a  f i n i t e  number o f  
d i s l o c a t i o n  loops  i s . c o n s i s t e n t  w i th  th e  w id th  o f  th e  
r e l a x e d  a r r a y  f o r  a f i n i t e  number o f  d ip o le s  up to  a t  
l e a s t  f i v e .
The long  range  movement o f  d i s l o c a t i o n s  o r i g i n a t i n g  
from th e  r e s i d u a l  damage a t  th e  edge o f  th e  specim en 
a f t e r  a n n e a l in g  a t  1200°C p re v e n te d  q u a n t i t a t i v e  
measurements o f  d i s l o c a t i o n  s e p a r a t i o n  above t h i s  
te m p e ra tu re .
APPENDIX 1
MICROANALYSIS OF SURFACE CONTAMINATION 
1 . I m p u r i t i e s  i n  S i l i c o n  ’
I n  s i l i c o n  c r y s t a l s  grown from th e  m e l t  a v a r i e t y  o f  d e f e c t s  
a r e  p r e s e n t  i n  th e  l a t t i c e  a f t e r  th e  m a t e r i a l  i s  co o led  down to  
room te m p e ra tu r e .  Examples o f  th e s e  d e f e c t s  a r e :
1 . Chemical im p u r i t i e s  , e i t h e r  i n t e n t i o n a l l y  
added dope ( S e c t io n  2 i n  C hap te r  1 )
o r  unw anted.
2. T herm ally  g e n e ra te d  p o in t  d e f e c t s  such- as  
v a c a n c ie s  and i n t e r s t i t i a l s .
The c o n c e n t r a t i o n s  o f  unwanted i m p u r i t i e s ,  such as  oxygen, c a rb o n  
and m e ta l s ,  p r e s e n t  i n  C.Z and F.Z s i l i c o n  as  w e l l  a s  m ethods f o r  t h e i r  
d e t e c t i o n  w i l l  now be d i s c u s s e d .
1 .1  Oxygen
S e v e ra l  m easuring  te c h n iq u e s  have been  deve loped  to  d e te rm in e  
th e  oxygen c o n c e n t r a t i o n  in  s i l i c o n .  The te c h n iq u e  most w id e ly  u sed  
today  i s  th e  i n f r a  re d  a b s o r p t io n  method r e p o r t e d  by K a i s e r ,  Keck and 
Lange 0 -9 5 6 ) .  Oxygen atoms m a in ly  occupy i n t e r s t i t i a l  s i t e s  in  th e  
l a t t i c e .  These atoms g iv e  r i s e  to  th e  fo rm a t io n  o f  s e v e r a l  a b s o r p t i o n  
bands i n  th e  i n f r a  r e d  spec trum , t h a t  a t  9 ym w av e le n g th  b e in g  dom inan t.  
K a is e r  e t  a l  (1956) were a b le  to  p l o t  a c a l i b r a t i o n  cu rve  f o r  th e  
a b s o r p t i o n  c o e f f i c i e n t  a t  9 ym as  a f u n c t i o n  'of oxygen c o n c e n t r a t i o n
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by com bining i n f r a  re d  m easurem ents w i th  vacuum f u s io n  a n a l y s i s .
The s e n s i t i v i t y  o f  th e  i n f r a  re d  method can be in c r e a s e d  by c o o l in g  
th e  sam ple. Oxygen c o n c e n t r a t i o n  i n  th e  ran g e  1 0 ^ - 2 x 1 0 ^  atoms cm” 3 
have been m easured i n  th e  d i f f e r e n t  ty p e s  o f  c r y s t a l s .  The oxygen 
c o n c e n t r a t i o n s  m easured w i th  th e  v a r io u s  m ethods, were i n  r e a s o n a b le  
agreem ent w i th  one a n o th e r ,  a l th o u g h  . th e  i n f r a  r e d  method seems 
to  g iv e  some what low er v a lu e s  a s  r e p o r t e d  by G ross ,  G aetano Tucker 
and Baker (1969) .
The oxygen c o n c e n t r a t i o n  depends on th e  c r y s t a l  g row th  c o n d i t i o n s .  
I t  w i l l  be  c l e a r  t h a t  th e  amount o f  t h i s  im p u r i ty  in  th e  p o l y c r y s t a l l i n e  
s t a r t i n g  m a t e r i a l  p la y s  an im p o r ta n t  p a r t ,  as  w e l l  a s  th e  p a r t i a l  
p r e s s u r e  o f  oxygen in  th e  atm osphere  u se d .  Growth under  h ig h  vacuum 
c o n d i t io n s  g e n e r a l ly  le a d s  to  low er v a lu e s  o f  c o n c e n t r a t i o n  o f  oxygen 
as  compared w i th  c r y s t a l  growth i n  a gas a tm osphere  b eca u se  o f  th e  
low p a r t i c a l  p r e s s u r e  o f  oxygen in  h ig h  vacuum. F u r th e rm o re ,  vacuum 
fa v o u rs  th e  e v a p o ra t io n  o f  oxygen o u t  o f  th e  m e l t  i n  th e  form o f  SIO 
(K a ise r  and Keck, 1957).
I n  CZ s i l i c o n  th e  c o n c e n t r a t i o n  o f  oxygen i s  s t r o n g l y  in f lu e n c e d  
by th e  r o t a t i o n  r a t e s  o f  th e  c r y s t a l  and th e  c r u c i b l e  (Logan and 
P e t e r s ,  1957 ; K a is e r ,  F r i s c h  and R e i s s ,  19 5 8 ) .  F a s t  r o t a t i o n  
c a u se s  an  i n t e n s i v e  s t i r r i n g  o f  th e  m e l t .  T h is  i n c r e a s e s  th e  r a t e  
a t  which c r u c i b l e  m a t e r i a l  i s  d i s s o lv e d  i n t o  t h e  m e l t .  The oxygen 
c o n c e n t r a t i o n s  which a r e  p r e s e n t  i n  CZ s i l i c o n  c r y s t a l s  a r e  found 
to  v a ry  betw een abou t 10^7 and 2x10-^ atoms cn f^  (K a is e r  e t  a l ,  1956; 
Gross e t  a l ,  1969).  The l a t t e r  v a lu e  e q u a ls  th e  maximum s o l u b i l i t y  
o f  oxygen in  s i l i c o n  a t  th e  m e l t in g  p o i n t  (Logan and P e t e r s ,  1957)..
As was to  be e x p e c te d , lo w e r  oxygen c o n c e n t r a t i o n s  have been m easured
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i n  F .Z  s i l i c o n .  T y p ic a l  v a lu e s  f o r  t h i s  m a t e r i a l  a r e  1 0 ^  to  10^  
atoms cm"“3 (Tweet, 1958; Gross e t  a l ,  1969).
1 .2  Carbon
Carbon atoms occupy s u b s t i t i o n a l  p o s i t i o n s  in  th e  s i l i c o n  
l a t t i c e  (Newmann and W i l l i s ,  1 965 ) .  Because im p u r i ty  atoms g iv e  
an a b s o r p t io n  band i n  th e  i n f r a  re d  t r a n s m is s io n  spec trum  a t  a 
w av e len g th  o f  16 .6  ym, an a b s o r p t io n  te c h n iq u e  s i m i l a r  to  t h a t  o f  
oxygen can  be used  to  m easure th e  ca rbon  c o n t e n t .  O ther  te c h n iq u e s  
a v a i l a b l e  f o r  ca rbon  d e t e c t i o n  a r e  chem ica l a n a l y s i s  (S ch in k ,  1965) .
1 .3  M eta ls
Im p u r i ty  atoms o f  m e ta ls  may be  in c o rp o r a te d  in  th e  c r y s t a l  on 
a l a t t i c e  s i t e  i n s t e a d  o f  a r e g u l a r  s i l i c o n  atom ( s u b s t i t u t i o n a l  
im p u r i ty )  f o r  i n s t a n c e  B, A l, Ga, P , As, Sb o r  occupy a p o s i t i o n  
betw een r e g u l a r  s i l i c o n  atoms ( i n t e r s t i t i a l  im p u r i ty )  f o r  i n s t a n c e ,
Ni and Mg, e t c .  accompanied by a c r y s t a l  d i s t o r t i o n .  G e n e ra l ly ,  
i n t e r s t i t i a l  i m p u r i t i e s  move much more r a p i d l y  th a n  s u b s t i t u t i o n a l  
im p u r i t i e s  (Wolf, 1969).
The s u r f a c e  d e f e c t s  were examined by scan n in g  e l e c t r o n  m ic ro sco p y  
(SEM) and e l e c t r o n  probe m ic r o a n a l y s i s ,  i n  th e  s t r u c t u r e  s t u d i e s  u n i t ,  
i n  th e  D epartm ent o f  M e ta l lu rg y  and M a te r i a l s  Technology, U n i v e r s i t y  
o f  S u r re y .  Specimens from (.111) s l i c e s  o f  C z o c h ra ls k i  s i l i c o n  grown 
c r y s t a l s  p o l i s h e d  w ith  "L u s tro x "  were an n ea led  a t  1100°C f o r  one ho u r  
i n  p u re  a rg o n  a tm osphere ,  and examined by SEM a t  an o p e r a t i n g  v o l t a g e  o f  
20 KV. At a m a g n i f i c a t io n  of  x2000 th e  most n o t i c e a b l e  f e a t u r e s  w ere 
t r i a n g u l a r  in  shape a b o u t 1-2 ym in  s i z e  a s  shown in  F ig .  1 , At
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h ig h e r  m a g n i f i c a t io n  abou t x22000 th e  t r i a n g l e s  a r e  seen  to  have 
rounded c o rn e r s  and th e  o r i e n t a t i o n  appeared  u n ifo rm  a s  shown in  
F ig .  2, ■
Many o f  th e  t r i a n g l e s  have a s s o c i a t e d  w i th  them rounded 
p a r t i c l e s  (F ig s .  3 & 4 ) ,  and ex am in a t io n  w i t h  th e  specim en t i l t e d  
th ro u g h  a l a r g e  a n g le  showed t h a t  p a r t i c l e s  a r e  ind eed  ro u g h ly  
equ iaxed  r a t h e r  th a n  f l a t ,  and th e  t r i a n g u l a r  f e a t u r e s  s ta n d  
proud  o f  th e  s u r f a c e  (F ig .  5 ) .
X -ray  em is s io n  s p e c t r a  f o r  a t r i a n g l e  and i t s  a s s o c i a t e d  p a r t i c l e
show t h a t  N ick e l  and Copper a r e  among th e  e lem en ts  p r e s e n t  (F ig .  6 ) ,
and a com parison  betw een s p e c t r a  from a f e a t u r e  and i t s  background 
i n  F ig .  7 shows t h a t  Calcium , N ick e l  and Copper a r e  p r e s e n t  i n  th e  
form er b u t  n o t  th e  l a t t e r .
A few o f  th e  s u r f a c e  f e a t u r e s  have an i r r e g u l a r  r a t h e r  th a n
t r i a n g u l a r  o u t l i n e ,  sometimes in  a s s o c i a t i o n  w i th  a number o f  p a r t i c l e s
feaixYe
(F ig .  8 ) ;  (F ig s .  9 & 10) show a n o th e r  t r i a n g u la r /v ie w a J n o rm a l ly  and a t  
h ig h  t i l t  a n g le .  O c c a s io n a l ly  s t r a i g h t  d a rk  l i n e s  o f  c o n t r a s t  have 
been  o b se rved  i n  a s s o c i a t i o n  w i th  th e  f e a t u r e s ,  and i t  i s  th o u g h t  
t h a t  th e s e  a r e  e f f e c t s  due to  an acc u m u la tio n  o f  e l e c t r o s t a t i c  ch a rg e  
on them (F ig s .  11 & 1 2 ) .  These f i g u r e s  show un ifo rm  c o n t r a s t  a t  0° 
t i l t  and a l s o  a t  h ig h  t i l t ,  X -ray  e m is s io n  s p e c t r a  f o r  a t r i a n g l e
show t h a t  N ic k e l  and Copper a r e  p r e s e n t  a s  shown in  F ig .  13.
The amounts o f  m e t a l l i c  im p u r i ty  v a r i e d  c o n s id e r a b ly  from one 
f e a t u r e  to  a n o th e r  (F ig s .  14 & 1 5 ) ,  and i n  one o r  two c a s e s  Manganese 
and I r o n  in  a d d i t i o n  to  N ick e l  and Copper w ere found to  o c c u r ,  a s  i n
Fig. 1. x 2 K
Scanning electron micrograph of annealed Lustrox polished  
Silicon (111) surface, showing surface defects and debris. 
Anneal tem perature 1100° C for 1 hour.
Running voltage 20 kv.
Fig. 2. x 22 K
High magnification micrograph of triangular feature depicted  
in Fig. 1.
High magnification micrograph of further feature depicted  
in Fig. 1, with particle  on surface of triangle.
Fig. 4. x 26 K
High magnification m icrograph of triangular feature and 
particle  depicted in Fig. 1. showing different contrast.
Fig. 3. x 22 K
Particle on triangular feature shown in Fig. 4. but specimen 
tilted at 79°.
Fig. 6.
Electron probe microanalysis x-ray emission spectra from 
triangular feature and particle as shown in Fig. 5. Top 
trace for triangular feature, elements detected, Silicon, 
Nickel, Copper. Bottom trace for particle, elements 
detected, Silicon, Nickel, Copper.
E lectron  probe m icr o a n a ly s is  X -ray  em iss io n  sp ectra  from  
a further triangular feature, (bottom tra ce)  and X -ray  e m iss io n  
sp ectra  from  background (top trace)
E lem en ts  detected within triangular feature Silicon, Calcium ,  
N ickel, Copper.
Fig. 8. x 22 K.
Further feature associa ted  with particu lates at high tilt 74 ,
Fig. 9. x 26 K.
Triangular feature with particulates on surface. Tilt 0°,
Fig. 10. x 24 K.
Same triangular feature as in Fig. 9. Tilt 68°
232
Fig. 11. x 23 K.
Another example of a triangular artefact on surface, showing 
uniform contrast. Dark lines running a cro ss  triangle are 
due to charging affects. Tilt C f .
Fig. 12. x 21 K.
Same triangular feature as in F ig. 11. T ilt 85°
O H M Cm an on i o
t o
Fig. 13.
Electron probe Microanalysis X-ray emission spectra of 
background (top trace) and triangular feature shown in Fig. 11. 
(bottom trace) Elements detected within triangle Silicon, 
Nickel, Copper.
Fig. 14. x 26 K
Another triangular feature on surface, which showed on 
electron probe m icroanalysis different amounts of the elements 
Nickel and Copper compared to triangular feature shown in Fig. 11.
Electron probe Microanalysis X-ray emission spectra of 
triangular shaped feature shown in Fig. 14. (bottom trace). 
Top trace, background. Elements detected in triangular 
feature, Silicon, Nickel, Copper.
Fig. 16.
Electron probe Microanalysis X-ray emission spectra from 
centre of triangular feature (top trace) and edge of feature 
(bottom trace). Elements detected Silicon, Manganese, Iron, 
Nickel, Copper. Note general increase in concentrations from 
area within centre of feature.
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th e  s p e c t r a  i n  F ig .  16. A com parison  o f  r e s u l t s  from th e  c e n t r e  
and from th e  edge in  t h i s  f i g u r e  o f  a t r i a n g l e ,  shows t h a t  t h e r e  
i s  a marked v a r i a t i o n  i n  c o n c e n t r a t i o n  a c r o s s  i t .
F i n a l l y ,  c a r e f u l  s t u d i e s  were made to  e n s u re  t h a t  th e  ob se rv ed  
c o n ta m in a t io n  d id  n o t  o ccu r  d u r in g  specimen p r e p a r a t i o n  ; F ig s .  17 
and 18 show t h a t  p a r t i c l e s  were p r e s e n t  on th e  unannea led  s u r f a c e ,  
though th e  t r i a n g u l a r  f e a t u r e s  them se lves  seem to  he n u c l e a te d  a t  
p a r t i c l e s  d u r in g  h e a t  t r e a tm e n t .
The co m p o s i t io n  o f  th e s e  s u r f a c e  d e f e c t s  and t h e i r  a r e a l  
d e n s i t y  Ov/LO^cnf s u g g e s ts  t h a t  th e y  m igh t s e r i o u s l y  i n h i b i t  th e  
p ro d u c t io n  o f  s a t i s f a c t o r y  d e v ic e s .  Copper, N ic k e l  and I r o n  in  
p a r t i c u l a r  have b u lk  d i f f u s i o n  c o e f f i c i e n t s  a t  l e a s t  10^ tim es  
th o s e  o f  th e  common donor and a c c e p to r  atoms i n  th e  ran g e  o f  d e v ic e  
p r o c e s s in g  te m p e ra tu r e s ,  so t h a t  d u r in g  th e  r e p e a te d  h e a t  t r e a tm e n ts  
o f  m anufac tu re  atoms which a r e  e x tre m e ly  a c t i v e  re c o m b in a t io n  c e n t r e s  
m igh t p e n e t r a t e  a s i g n i f i c a n t  f r a c t i o n  o f  th e  s u r f a c e  l a y e r s .  The 
t r i a n g u l a r  f e a t u r e s  c l e a r l y  r e p r e s e n t  some k in d  o f  e p i t a x i a l  o v e r ­
g row th , pe rh ap s  o f  t e r n a r y  i n t e r m e t a l l i c  compounds; though  i t  h as  
n o t  been  a b l e  t o  e l u c i d a t e  th e  s t r u c t u r e  in  th e  tim e a v a i l a b l e ,  i t  
would o b v io u s ly  be p o s s i b l e  to  do so by s e l e c t e d  a r e a  d i f f r a c t i o n  
i n  t r a n s m is s io n  e l e c t r o n  m icroscopy .
The u n ifo rm  o r i e n t a t i o n  o f  th e  f e a t u r e s  i n d i c a t e s  t h a t  th e y  
a r e  a l ig n e d  a lo n g  one k ind  o f  s te p  o n ly  on th e  C l l l )  s u r f a c e ,  and 
th e  i d e n t i f i c a t i o n  o f  t h i s  s te p  a s  ‘'p o s i t i v e "  o r  " n e g a t iv e "  (F ran k ,
P u t t i c k  and W ilk s ,  1958) m igh t h e lp  i n  i n t e r p r e t i n g  th e  K i n e t i c s  
o f  th e  growth p r o c e s s .  However, th e  a r e a  o f  s u r f a c e  c o n tam in a ted
Particle on unannealed Lustrox polished silicon (111) 
surface.
aBsr*srss&
Fig. 18.
Electron probe m icroanalysis X-ray em ission spectra of 
particle shown in Fig. 17. Top trace background. Bottom 
trace from particle. Elements detected in particle, Silicon, 
Iron.
by m e ta l  atoms may w e l l  ex ten d  c o n s id e ra b ly  beyond th e s e  v i s i b l e  
d e f e c t s .
I t  h a s  been  su g g e s te d  . th a t  th e  im p u r i ty  p a r t i c l e s  o r i g i n a t e  
i n  th e  p r o p r i e t a r y  a g e n ts  used  to  p o l i s h  s l i c e  s u r f a c e s .  S ince  
th e s e  s u b s t r a t e s  have been s u p p l ie d  to  s e v e r a l  m a n u fa c tu re r s  in  
th e  e l e c t r o n i c  i n d u s t r y ,  i t  may be  d e s i r a b l e  to  examine by (SEM) 
a l l  specim ens from t h i s  so u rc e  as  w e l l  a s  to  a n a ly s e  c a r e f u l l y  each  
s ta g e  o f  th e  p o l i s h i n g  p ro c e s s  u s in g  th e  s l u r r i e s  o f  a b r a s iv e  which 
a r e  p ro b a b ly  th e  sou rce  o f  c o n ta m in a n ts .
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APPENDIX 2 
SAW DAMAGE
The i n d u s t r i a l  im portance  o f  semi co n d u c to r  c r y s t a l  p e r f e c t i o n ,  
in  e l e c t r o n i c  d ev ice  manufacure has  s t im u la t e d  many s t u d i e s  o f  th e  
s u b s u r fa c e  damage in t ro d u c e d  by sawing w i th  a  diamond w hee l.  Most 
o f  t h e s e ,  however, have been  o f  an e m p i r i c a l  n a tu r e  d e s ig n ed  to  a s s e s s  
th e  maximum dep th  o f  damage, w i th  l i t t l e  a t te m p t  to  e l u c i d a t e  th e  
mechanism. The r e s u l t s  d em o n s tra ted  i n  t h i s  Appendix form an 
e x a m in a t io n  o f  s i l i c o n  s l i c e s  from C.Z and F .Z  grown c r y s t a l s  b e f o r e  
and a f t e r  a n n e a l in g  u s in g  X -ray to pog raphy , a te c h n iq u e  p a r t i c u l a r l y  
w e l l  s u i t e d  to  th e  s ta n d a rd  s l i c e  th i c k n e s s e s  o f  190-1000ym. The 
X-ray topography  te c h n iq u e  was used  f o r  a s tu d y  o f  damage r e s u l t i n g  
from s u r f a c e  a b r a s io n  o f  diamond c r y s t a l s  r e p o r t e d  by F ran k ,  Lawn,
Lang, and Wilks (1967 ) ,  and a l s o  in  t h i s  c o n n e c t io n  by S a cac c io  (1 9 6 7 ) ,  
B a d r ic k ,  E ld e g h a id y ,  P u t t i c k  and Shahid  (1977) f o r  a s tu d y  o f  damage 
r e s u l t i n g - f r o m  s c r a t c h in g  s i l i c o n  s l i c e s  n e a r  (111) s u r f a c e .
F ig .  1 shows th e  p r o j e c t i o n  topog raphs  o f  r e s i d u a l  saw damage i n  
i n t r i n s i c  s i l i c o n  c r y s t a l  grown by th e  C.Z method. A s u b s t r a t e  was 
e tc h e d  by com p ris in g  volumes o f  HFiHNO^ in  r a t i o  1 :4  to  remove 50ym 
from each  s u r f a c e .  No h e a t  t r e a tm e n t  was g iv e n  to  th e  s u b s t r a t e  b e f o r e  
X -ray e x a m in a t io n .  The topog raphs  were ta k en  i n  d i f f e r e n t  r e f l e c t i o n  
p la n e s  i n  Mo Ka^ r a d i a t i o n .  The r e s i d u a l  damage ap p ea red  i n  F ig .  1 (a )  
has  two ro u g h ly  asym m etr ica l  r e g io n s  o f  b la c k e n in g  s e p a r a t e d  by a  band 
o f  ze ro  c o n t r a s t  p a r a l l e l  to  th e  r e c i p r o c a l  l a t t i c e  v e c t o r  g .  B u t,  
i n  F ig .  1(b) a s t r u c t u r e  o f  c o n t r a s t  o f  th e  r e s i d u a l  damage i s  
d i f f e r e n t  th an  t h a t  observed  in  F ig .  1 ( a ) .  The two r e g io n s  o f  b la c k e n in g
have a  d i s c  shape round a band o f  minimum c o n t r a s t  p e r p e n d i c u la r  to  th e  
r e c i p r o c a l  l a t t i c e  v e c t o r  o f  th e  r e f l e c t i n g  p la n e .  F ig .  1 (c )  shows a 
p r o j e c t i o n  topog raph  o f  the  same damage as seen  in  F ig s  1 (a )  and 1(b) w i th  
minimum v i s i b i l i t y  i n  th e  c o n t r a s t ,  w h i le  i n  F ig .  1(d) shows a  p r o j e c t i o n  
topog raph  in  th e  022 r e f l e c t i o n  o f  th e  same damage which has  d i f f e r e n t  
c o n t r a s t  from t h a t  o b se rved  i n  F ig s  1 ( a ) ,  1(b) and 1 ( c ) .
The i n t e r e s t i n g  d e t a i l s  which a r e  c lo s e  to  th e  p r e s e n t  l i m i t  o f  
r e s o l u t i o n  o f  th e  topographs  g iv e  some id e a  o f  th e  c h a r a c t e r i s t i c s  o f  
th e  d is p la c e m e n t  v e c t o r s .  The w id th  o f  th e  r e g io n  o f  p e r i p h e r a l  c o n t r a s t ,  
i n  th e  111 and 224 r e f l e c t i o n s  i s  g r e a t e r  th a n  t h a t  i n  th e  220 and 022 
r e f l e c t i o n s .  The topographs  s u g g e s t  t h a t  th e  r e s i d u a l  saw damage c o n t r a s t  
r e p r e s e n t s  s t r a i n  f i e l d s  w i th  a s t r o n g  component o f  r a d i a l  d is p la c e m e n t  
v e c t o r .
F ig s  2 (a )  and 2(b) show th e  p r o j e c t i o n  to p og raphs  o f  a c h a in  o f  
r e s i d u a l  saw damage in  a specim en o f  s i l i c o n  c r y s t a l  which was grown by 
a F l o a t i n g  Zone method, l i g h t l y  doped w i th  ph o sp h o ru s .  The s l i c e  w as '- rec e iv ed  
in. th e  form o f  a s ta n d a rd  i n d u s t r i a l  s u b s t r a t e  Of which the  w orking  s u r f a c e  
had been  c h e m ic a l ly -m e c h a n ic a l ly  p o l i s h e d  w i th  " L u s tro x "  and th e  o th e r  
s id e  had  been e t c h  p o l i s h e d ,  (no s u r f a c e  t r e a tm e n t  was g iv e n  to  th e  
s u b s t r a t e  p r i o r  to  u s e ) ,  i t  was th e n  an n e a le d  a t  900°C f o r  one h o u r  in  
pu re  a rgon  a tm osphere .  A topograph  was ta k e n  in  the  111 r e f l e c t i o n  in  
Mo Kai r a d i a t i o n  as  shown in  F ig .  2 ( a ) .  A c o n t r a s t  f i e l d  o f  r e s i d u a l  
s t r a i n  c o n s i s t s  o f  two ro u g h ly  sy m m etr ica l b la c k e n in g  bands ab o u t  a  n a rrow  
l i n e  o f  minimum c o n t r a s t .  A f t e r  a n n e a l in g  a t  1000°C f o r  one h o u r ,  
th e  w id th  o f  th e  c o n t r a s t  f i e l d  i s  red u ced  and sm all  c o n t r a s t  c e n t r e s  
ap p ea red  around th e  r e s i d u a l  saw damage ( u n f o r t u n a t e l y  th e s e  do n o t  show
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v e ry  c l e a r l y  i n  th e  p r i n t  b u t  do so in  th e  o r i g i n a l  to p o g ra p h ) .
F ig .  3 shows a s t e r e o  p a i r  o f  p r o j e c t i o n  topog raphs  o f  r e s i d u a l  
damage and in c r e a s e  o f  c o n t r a s t  c e n t r e s  i n  a specim en o f  s i l i c o n  l i g h t l y  
doped w i th  phosphorus  a f t e r  a n n e a l in g  a t  1100°C f o r  30 m in u te s  i n  p u re  
a rgon  a tm osphere .  The s t e r e o  p a i r  sh o u ld  be viewed i n  a  H i lg e r  and W atts  
F o ld in g -M ir ro r  S te re o s c o p e ;  i t  shows th e  d i s t r i b u t i o n  o f  c o n t r a s t  c e n t r e s  
a t  d i f f e r e n t  l e v e l s .  Some o f  th e  c o n t r a s t  c e n t r e s  a r e  sm all  i n  s i z e  and 
th e  o th e r s  a r e  l a r g e .  The c o n t r a s t  c e n t r e s  l i e  c lo s e  to  th e  f r e e  s u r f a c e .  
These ty p e s  o f  c o n t r a s t  c e n t r e s  ap p ea r  i n  th e  topog raphs  o f  F ig s  4 . 4 ,  4.5., 
4 .8  and 4 .9  i n  C hapter  4. I t  was n o t i c e d  t h a t  a l l  th e  t r a c e s  o f  r e s i d u a l  
damage and c o n t r a s t  c e n t r e s  had been  removed from th e  s u r f a c e ,  fo l lo w in g  
a n n e a l in g  a t  1200°C f o r  30 m inu tes  i n  p u re  a rgon  a tm osphere .
The r e s u l t s  imply t h a t  t r u e  d e te rm in a t io n  o f  th e  d e n s i t y  and dep th  
o f  saw damage in  s i l i c o n  c r y s t a l s  can o n ly  be made i f  such c u t  s u r f a c e s  
a re  s u b je c t e d  to  a h e a t  t r e a tm e n t .  W ith in  th e  s i l i c o n  sem ico n d u c to r  
d ev ic e  f a b r i c a t i o n  f i e l d  such a h e a t  t r e a tm e n t  shou ld  s im u la te  th e  t o t a l  
d ev ic e  f a b r i c a t i o n  h e a t  s ta g e s  to  which th e  sawn s l i c e  i s  s u b j e c t e d .
However, i t  i s  im p o r ta n t  to  c o n c e n t r a t e  on th e  n a tu r e  o f  th e  
damage b ro u g h t  abou t by sawing o r  l o c a l  a b r a s io n .  A s t r u c t u r e  o f  
c o n t r a s t  c o n s i s t s  o f  two ro u g h ly  sym m etr ica l r e g io n s  o f  b la c k e n in g  
ab o u t a l i n e  o r  a band o f  zero  c o n t r a s t ,  g e n e r a l l y  p e r p e n d i c u la r  
to  th e  r e c i p r o c a l  l a t t i c e  v e c t o r  o f  th e  r e f l e c t i n g  p l a n e s ,  though 7 
c o n s id e r a b le  d e v i a t i o n  from t h i s  d i r e c t i o n  i s  o b s e rv a b le .
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Fig. 1 Transmission X-ray topographs of residual sawing
damage in intrinsic silicon crystal grown by CZ-methodo 
Substrate etched to 50 ym below original sawn surface, 
(a) 220 reflection (b) 111 reflection (c) 224 reflection 
(d) 022 reflection,, All the reflections taken in MoKa-^ 
radiation, x 48.
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Fig. 2 Transmission X-ray topographs of a chain of residual 
sawing damage in n-type silicon crystal grown by FZ- 
method, doped by phosphorus. The substrate annealed 
at (a) 900°C (b) 1000°C, for one hour. Topographs 
taken in 111 reflection, MoKa-^ radiation, x 48. Topo­
graph (b) showing increase in density of contrast centres 
and change in the contrast of the residual sawing damage.
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I t  has  been su g g e s te d  by Frank e t  a l  (1967) t h a t  such im p e r fe c t  
c rac k  c lo s u r e  may be r e s p o n s ib l e  f o r  th e  r e s i d u a l  com press ive  s t r e s s e s  
in  ab raded  diamond s u r f a c e s .  The c o n t r a s t  o f  d e f e c t s  which were 
o b se rved  in  such topog raphs  a re  p ro b a b ly  sm all  c rac k s  formed by th e  
same k in d  o f  i n d e n t a t i o n  and wedged open by d e b r i s .
Booker and S t i c k l e r  (1962) showed by e l e c t i o n  m icroscopy  t h a t  
d i s l o c a t i o n s  may be formed by s e v e re  s u r f a c e  a b ra s io n s  on s i l i c o n  
c r y s t a l s .  Ring c ra c k s  ap p ea rs  a t  f i r s t  s i g h t  to  be a more l i k e l y  form 
o f  s t r e s s  r e l i e f ,  and s im ple  r i n g  c rac k s  such as  occu r  i n  in o r g a n ic  
g l a s s e s  would c e r t a i n l y ,  i f  wedged open, p roduce  a f i e l d  w i th  a r a d i a l  
component o f  d is p la c e m e n t .
However, r i n g  c ra c k s  on (111) s u r f a c e s  o f  diamond cu b ic  c r y s t a l s  
a r e  n o t  r a d i a l l y  sy m m e tr ica l ,  s in c e  t h e r e  a r e  o n ly  t h r e e  (111) p la n e s  
e x te n d in g  downwards and outw ards from an i n d e n t a t i o n  ta n g e n t  to  th e  
s u r f a c e s  o f  maximum t e n s i l e  s t r e s s .
T olansky  and Howes (1955) have shown t h a t  t r u e  c le a v a g e  f r a c t u r e  
o ccu rs  a lo n g  th e s e  p la n e s  under a s p h e r i c a l  i n d e n t e r ,  and t h a t  such 
c leav ag e  c rac k s  h e a l  up when th e  lo a d  i s  removed; th e  f r ing*  i s  
com pleted  by n o n - c r y s t a l l o g r a p h i c  f r a c t u r e s  which do n o t  s u b s e q u e n t ly  
d i s a p p e a r .
P u t t i c k  and Shahid (1977) showed by e l e c t r o n  m icroscopy  t h a t  
d i s l o c a t i o n s  may be n u c l e a te d  from p e r f e c t  c r y s t a l s  o f  s i l i c o n  by a 
com bination  o f  s h e a r  s t r e s s  and h y d r o s t a t i c  com press ion .  I n d e n t a t i o n s  
and s c r a tc h e s  i n  n e a r  (111) s i l i c o n  s u r f a c e s  were produced  w i th  V ic k e rs  
diamond pyramid under low lo ad s  o f  3gm and 5gm.
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I t  i s  by no means obv ious , t h e r e f o r e ,  t h a t  s u r f a c e  c ra c k in g  o f  
i n d e n t in g  p a r t i c l e s  must g iv e  r i s e  to  th e  k in d  o f  to p o g ra p h ic  c o n t r a s t  
o b s e rv e d .  I t  shou ld  a l s o  be em phasised  t h a t  i f  c rack  wedging i s  
r e s p o n s ib l e  f o r  the  c o n t r a s t ,  d e b r i s  must have p e n e t r a t e d  c ra c k s  to  
a c o n s id e r a b le  d e p th ,  so t h a t  s t r a i n  f i e l d s  rem ained when th e  s u r f a c e  
l a y e r s  were e tc h e d  away.
I n  p r i n c i p l e  i t  sh o u ld  be p o s s i b l e  to  c h a r a c t e r i z e  th e  d is p la c e m e n t  
v e c t o r s  o f  th e  c o n t r a s t  damage and c o n t r a s t  c e n t r e s  by ex a m in a t io n  o f  
to p o g rap h s  i n  d i f f e r e n t  r e f l e c t i o n s ,  and a l s o  b e fo re  and a f t e r  h e a t  
t r e a tm e n t s .
B ad r ick  and P u t t i c k  ( p r i v a t e  communication) su g g es ted  th e  appea rance  
o f  more c o n t r a s t  c e n t r e s  a f t e r  a n n e a l in g  i s  due to dopant atoms seg re g a te d  
to  r e g io n s  o f  l o c a l  d i s t o r t i o n  in  o rd e r  to  red u ce  th e  t o t a l  l a t t i c e  s t r a i n  
e n e rg y .  The o b s e r v a t io n  o f  th e  appea rance  o f  th e  c o n t r a s t  c e n t r e s  in  
F ig s  2 and 3, i s  in  acc o rd  w i th  t h e i r  s u g g e s t io n .  In  a d d i t io n ,  
th e  removal o f  th e  t r a c e s  o f  c o n t r a s t  and r e s i d u a l  damage, f o l lo w in g  
th e  a n n e a l in g  a t  1200°C in  specim ens p r e p a re d  from th e  F .Z ,g row n  c r y s t a l s ,  
( l i g h t l y  doped w ith  phosphorus) i s  an i n t e r e s t i n g  phenomenon. The most 
p ro b a b le  e x p la n a t io n  o f  t h i s  phenomenon i s  t h a t  unwanted im p u r i ty  o r  
dopan t atoms m a y d if fu se  i n t o  th e  specim en p r o v id in g  change i n  th e  s t r a i n  
c o n t r a s t  as w e l l  as  a b s o rp t io n  in  r e g io n s  o f  l o c a l  damage as  d em o n s tra te d  
in  such topog raphs  i n  C hap te r  4 . But t h i s  phenomenon does n o t  a p p ly  i n  
specim ens p re p a re d  from s i l i c o n  c r y s t a l s  ( h e a v i ly  doped w i th  antim ony) 
grown by th e  C.Z method. A ttem pts  were made to  d e t e c t  th e  l o c a l  
c o n c e n t r a t i o n s  peaks to  be e x p e c te d  on t h i s  view  u s in g  e l e c t r o n  p robe  
m ic ro a n a ly s i s  on h e a v i ly  doped antim ony and phosphorus  c r y s t a l s ,  b u t  i t  
appea red  th e  l e v e l s  were below th e  l i m i t  o f  d e t e c t i o n  o f  th e  i n s t r u m e n t .
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Abstract. Scratches made by a diamond stylus on silicon substrates with near (111) 
orientation have been investigated by optical microscopy and x-ray topography. It is 
found that the appearance of the Scratch and the wide residual strain field detected by 
diffraction contrast are both anisotropic with respect to direction, but in opposite 
senses; maximum chipping and wear is associated with minimum width of strain field 
for scratches in or near [112], [211] and [121], and vice versa for [TT2], [2TT] and [T2T].
It is concluded from a study of the topographic contrast in different reflections that 
the long-range field of residual elastic strain is in plane strain compression, and is 
associated with a system of cracks observed by optical microscopy. The implications of 
the observed anisotropy of chipping are discussed.
1. Introduction
Hie practical importance of the scientific study of cutting and abrading diamond has 
long been recognized. Comparatively little effort however has been devoted to under­
standing similar processes in other crystals of diamond cubic structure, despite their role 
in the fabrication of semiconductor devices which would alone justify more systematic 
research. In addition, crystals of silicon and germanium are now available o f a purity 
and perfection exceeding that of the best natural diamond, and evaluation of surface 
damage in them may be expected to throw light on general mechanisms of wear in brittle 
materials.
This paper reports a preliminary study of scratches on single-crystal silicon substrates 
by optical microscopy and x-ray topography. Renninger (1972) has used the latter 
technique, in a double-crystal form, for the same purpose, and has drawn attention to 
the very wide field of lattice distortion introduced by the process of sliding a hard stylus 
across a surface. Unfortunately he gave few details of his material, either o f purity or 
orientation, although it may be inferred that the slices were nominally (111). As Wilks 
and Wilks (1972) have shown however wear o f diamond is critically dependent on 
orientation, and a controlled study of silicon must therefore allow for the possibility of a 
similar variation. X-ray topography has also been used to evaluate the strain field round 
abrasions produced by a rapidly rotating wheel on diamond faces . (Frank et 'al 1967), 
and a Laue method using a divergent x-ray beam has been used by Sunada (1974) to 
examine the lattice misorientation close to a scratch on a silicon surface.
2. Experimental details
The specimens were mainly standard substrates used in device manufacture and sliced 
from dislocation-free crystals grown by the float-zone method. The slices were some
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300 (Jim thick and oriented approximately 3° from (111) towards (110). A reference flat 
ground parallel to (TlO) facilitates crystal setting; the misorientation was checked by an 
x-ray method capable of determining surface orientation to better than 5'. One series 
of specimens, kindly cut for us by Mullard Ltd, Southampton, consisted of intrinsic 
material of the same orientation with a thickness of 1 mm. The polished faces, from 
which all saw damage had nominally been removed, were scratched by a diamond 
microhardness indenter mounted on a gramophone arm (transverse motion being 
provided by a micrometer drive) in <110> and <112> directions. The stylus was normally 
loaded with 50 g, though a 30 g load was used occasionally.
The slices were then examined by optical microscopy (using normal incident illu­
mination, interference contrast and polarization interferometry) and transmission x-ray 
topography in Mo Kai radiation with a Lang camera.
3. Results
The most immediately striking feature of the field of topographic contrast is its great 
width as noted by Renninger (1972). This is illustrated in figure 1 (plate), which shows 
topographs of a pair of scratches in the [llO] and [TlO] directions, taken in a 225 reflection 
so that the reciprocal lattice vector of the reflecting planes is perpendicular to the scratch 
length. The typical contrast is about 400 (xm broad, consisting of two bands of blackening 
separated by a narrow band of minimum contrast which arises from scratches of about 
10 |xm width. This breadth is however much reduced in reflections for which the g-vector 
is parallel to the scratch length, as shown in figure 2 (plate) which illustrates the contrast 
from the same pair of scratches in 220; the field is about a quarter the width of that in 
figure 1 and the structure appears more complicated, with no well-defined band of 
minimum contrast.
Pairs of scratches in <112), directions exhibit a marked sense effect, such that the 
width of the double band of contrast from scratches in or near [112], [121] and [211] is 
only half that caused by [TT2], [211] and [T2T] (figure 3, plate). This asymmetry persists 
even in those reflections which minimize the contrast, as in figure 4 (plate), where the 
g-vector of the (111) reflection lies in the same plane as the scratch directions. Although 
the details of the contrast are quite different from that shown in figure 3, the width of the 
[112] contrast is still very much less than that caused by [TT2].
4. Optical microscopy
Immediately after scratching, the crystal surface is covered by a heavy layer of debris 
over a region much wider than the scratch (figure 5, plate); when this is removed, it is 
found that in general the scratch is composed of lengths with straight, well-defined 
boundaries alternating with heavily chipped regions (figure 6, plate). Associated with the 
well-defined parts of the ,furrow is a feature which we consider to be of significance in 
indicating the general nature of the strain field; a pattern of cracks extending at an acute 
angle to the direction of motion of the slider. Occasionally they extend equally on both 
sides to form a series of rough chevrons pointing away from the sliding direction. These 
cracks clearly play an important part in the formation of large chips; the cavity left by 
such a chip is typically fan shaped, with the directions of cracks bounding the straight 
parts of the sector (figure 7, plate). The crack direction does not, however, coincide
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with a <110) direction, so that evidently the crack path does not lie exactly along a 
cleavage plane.
A sense effect in the appearance of scratches in <112) directions is also found under 
the optical microscope. Here, however, the effect is such that the widest and most heavily 
chipped scratch is found in the region of [112], [121] and [211], while near [lT2], [2lT] 
and [121], the directions of scratching responsible for the widest field of topographic 
contrast, the scratch furrow is narrow, with few chips but many cracks. It is thus similar 
to the effect observed by Wilks and Wilks (1972) for the abrasion of diamond surfaces; 
for facets tilted by more than 1° from (111) towards (110) they observed that the rate of 
removal of material (as measured by the depth of cut) was greater for abrasions made in 
[112], [121] and [211] directions rather than in the opposite directions. It must, however, 
be noted that particular care is necessary in orienting crystals, since Wilks and Wilks 
also found that the rate of abrasion varied rapidly with orientation in the neighbourhood 
of (111), and the sense effect actually reverses when the surface is inclined by a small 
angle towards (001).
Careful observation by polarization interferometry and interference contrast revealed 
no evidence of large-scale upward displacement o f the surface, such as would be expected 
to accompany extensive plastic deformation around the scratch. Small local displace­
ments only, mainly associated with cracks and consistent with a field of elastic strain, 
were found. The sole evidence of plastic flow was in the form of ‘furrowing’ within the 
scratch groove parallel to its direction in those parts of the scratch in which chipping 
had not occurred; these apparently regular small-scale corrugations are usually taken 
to be due to some type of permanent strain occurring under the high hydrostatic pressure 
beneath the scratching tool.
5. Discussion
We consider that the foregoing observations help to advance understanding of the long- 
range residual stress field round scratches, and of the process of chipping. We begin 
with some general remarks on the origin of contrast in the x-ray topographs; this con­
trast indicates that the stress field is of the same nature as that found by Frank et al (1967) 
in association with abrasions on diamond surfaces. The narrowing of the contrast field 
when the reflecting planes are normal to the axis of the scratch (figures 2 and 4) shows 
that a major component of the displacement is in the surface normal to the scratch 
direction. There is no measurable upward displacement o f the free surface, and no 
indication of any plastic flow outside the scratch groove, so that the results are consistent 
with an elastic field o f plane strain, as postulated by Frank et al (1967). They were 
indeed able to show unambiguously, by taking topographs in radiation o f different 
wavelengths, that the deformation round their abrasions on diamond was surface 
compression; in our case it seems most reasonable to assume that the displacement vector 
is also outwardly directed from the scratch, and that the surface layers in the neighbour­
hood of our scratches (excluding the immediate vicinity of the scratch groove) are in a 
state of plane strain compression.
The central field of blackening which appears in figures 2 and 4, roughly complement­
ary to the wide contrast band of other reflections, suggests that close to or within the 
groove there exists a component of displacement parallel to the scratch length, which 
would be consistent with the model (see below) of the wedging open o f ‘chevron’ cracks. 
However, as has been pointed out by Frank et al (1967) one cannot with confidence
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apply the simple criterion, based on ‘interbranch scattering’, in the region of intense 
lattice distortion which must exist within the groove, and our discussion will be confined 
to the significance of the long-range strain field.
So far, then, the evidence supports a model of the residual elastic strain field similar 
to that of Frank et al (1967), resulting from the wedging open in some way of cracks 
created by the field o f tensile stress around the slider.
The optical micrographs enable us to describe this mechanism more specifically. 
The ‘chevron’ cracks extending from the groove strongly resemble the crack pattern 
round scratches on inorganic glass, which, as pointed out by Lawn (1967), are probably 
formed by the concentration of tensile stress created behind a sliding indenter by friction 
between it and the surface. The process has been analysed theoretically for elastic 
contact by Hamilton and Goodman (1966), who showed that as the coefficient of friction 
increases, the trajectories of maximum tensile stress in the surface become progressively 
more distorted from the circles of the static Hertzian case, until above a value of about 
OT they become curves open in the direction of sliding.
We therefore suppose that the system of chevron cracks associated with our scratches 
is indeed formed in the way postulated by Lawn; they are created behind the moving 
indenter, and wedged open by debris. Such a system would result in a field o f surface 
compressive stress with a displacement vector having a strong component perpendicular 
to the scratch length, and it is therefore natural to associate these chevron cracks with the 
long-range field o f elastic strain revealed by x-ray topography. Now optical microscopy 
shows that the chipping associated with [112] scratching is bounded by the traces of 
chevron cracks, so that chip formation has effectively removed the cracks. The observa­
tion by topography that [TT2] scratches are accompanied by a much narrower field of 
long-range elastic strain than the [112] scratches which do not exhibit chipping is therefore 
in accord with the conclusion that the strain field and the chevron cracks are associated.f
Some consideration is now required of the effect of the sense of scratching on chipping 
itself. Wilks and Wilks (1972) have discussed the cognate anisotropy of the abrasion of 
diamond surfaces by a rotating wheel, and have proposed a qualitative view of the process 
based on Tolkowsky’s (1920) model of diamond surface structure. This essentially 
envisages wear as a process of removal of fragments bounded by cleavage planes.
The Wilks-Tolkowsky model has the great merit of correlating the results of abrasion 
tests over a wide range of surface orientations, and our observations on anisotropy of 
scratching in < 112) directions are in accord with its prediction. However, since in our 
case the wear fragments are mainly relatively large chips, we might expect to find these 
approximating in shape to the ‘microcleavage blocks’ o f the model, and this expectation 
is not borne out by observation.. Figure 10 illustrates the disposition of cleavage planes 
(bounding in inverted tetrahedron) in relation to a pair of <112> directions on the (111) 
plane. Chipping in relation to abrasion in the [112] direction should most easily be 
achieved, according to the above model, by the removal of tetrahedra or octahedra 
bounded by these planes. Thus we should anticipate chips bearing well-defined low 
index facets intersecting the surface in <110> traces making oblique angles with the 
direction of motion. In fact, as we have seen, the chips are bounded by surface traces 
which make acute angles with the scratch direction, and the surfaces of chips and cavities 
in general evince no sign of facetting; the stereo pair of figure 9, for instance, shows a 
chip cavity whose irregularly curved surfaces possess no obvious crystallographic features 
whatever.
f  Renninger (1972) states that he has frequently observed a sense effect in <112> directions. As he 
himself admits, however, the photographs in his paper do not demonstrate it clearly.
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Chip surfaces produced by scratching are roughly scallop-shaped, with a general 
resemblance to those produced by static indentation, which have been shown by Lawn 
and Swain (1975) to form as the result of the extension o f ‘lateral vent’ cracks, initially 
roughly parallel to the surface, by residual tensile stress during or after unloading. 
B R Lawn (private communication) has confirmed that chipping produced by scratches 
on glass occurs some time after the passage of the slider, rather than immediately behind 
it. It accordingly seems likely that the process of chip removal in our experiments is also 
caused by residual tensile stresses, and the actual shape of chips is, in the words of Lawn, 
‘a compromise between the demands of the stress field and those of surface energy’. 
Further understanding must therefore await an analysis of the distribution of residual 
tension in the wake of the scratching tool.
6. Summary and conclusions
Scratches on silicon crystal surfaces oriented approximately 3° from (111) toward (110) 
have been studied by microscopy and x-ray topography. Both the appearance of the 
scratch groove and the wide field of residual strain revealed by the latter technique are 
found to be anisotropic, but in opposite senses; maximum chipping is associated with 
minimum width of topographic contrast, both in [112], [121] and [211], while in [112] 
[2TT] and [T2l] the converse is observed. A major component of the long-range strain 
field is caused by elastic displacement parallel to the surface in a direction normal to the 
scratch length, and this seems to be associated with a system of ‘chevron’ cracks extending 
from the scratch at an acute angle to the direction of slider motion. No evidence has 
been found for plastic flow outside the scratch groove.
The results are interpreted in terms of the stress by a moving stylus. Tensile stresses 
immediately behind the stylus create a crack along a path approximately orthogonal to 
the maximum tensile stress in the surface. This crack is wedged open, perhaps by debris, 
and gives rise to a field of long-range surface compression. As the stylus moves away, 
residual sub-surface tensile stresses open lateral vent cracks which may propagate far 
enough to intersect the surface and remove chips; these eliminate the chevron cracks and 
hence a major component of the long-range strain field. Chipping occurs at a critical 
load which is a function of scratch direction.
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Figure 1. Transmission x-ray topographs o f scratches in [1T0] and [TlO] directions on 
near (111) silicon surface. 224 reflection in M o K a i  radiation. Magnification x48 .
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Figure 2. Same scratches as shown in figure 1 in 220 reflection.
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Figure 3. Topographs of scratches in [112] and [112] directions. 220 reflection. M agni­
fication x48 .
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Figure 4. Same scratches as shown in figure 3: TTl topograph.
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(a) (b)
Figure 5. (a) Field of debris round scratch immediately after passage of the stylus; 
(b) appearance of the scratch after removal of the debris.
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Figure 6. Appearance of the scratch groove showing ‘chevron’ cracks.
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Figure 7. Heavily chipped region of a scratch in the [112] direction, showing typical 
cavity shape. Magnification x 1080, reduced by 80% in printing.
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Figure 8. Appearance of scratches in the [112] and [112] directions, to  the same scale 
as topographs of figures 3 and 4. M agnification x4 8 , reduced by 80%  in printing.
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